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INTRODUCTION 
Studies under this funded activity are focused on characterizing the role of the PIM1 gene in 
acquired resistance to chemotherapy drugs, by prostate cancer cells. The proposal included 
three specific aims: 1) to define a novel signal transduction pathway activated by docetaxel, 2) 
to characterize the mechanism through which PIM1 activates and regulates NFkB signaling, and 
3) to explore genetic and pharmacologic means of inhibiting PIM1 activity or expression to 
enhance the sensitivity of prostate cancer cells to docetaxel and other chemotherapy drugs. 

During the 03 year (October 1, 2007 through 9/30/2008) progress has been moderate, with 
continuing disruptions due the move of Dr. Lilly's laboratory from Loma Linda University to the 
University of California, Irvine. A new laboratory staff person was hired to work on this project, 
but had to be terminated in early August, 2008. We have not yet succeeded in replacing this 
employee. A third manuscript has now been published (Journal of Biological Chemistry), 
substantially completing specific aim #1, and partially completing specific aim #2. Several new 
prototype PIM1 inhibitors have been acquired from industrial and academic sources, and are 
being tested for synthergism with docetaxel and other chemotherapy drugs. 

BODY 
We will outline our progress through reference to the specific aims described above.  The first 

specific aim (specific aim #1)was to outline a 
signal transduction pathway activated by 
docetaxel and involving upregulation of PIM1 
expression. This     pathway    has     been 
substantially defined. Using RWPE2 prostate 
cells, we noted that docetaxel treatment rapidly 
leads to an increase in expression of the PIM1 
serine/threonine kinase. Expression becomes 
apparent at 3hrs after drug addition, peaks at 9- 
12hrs, and returns to baseline by 24hrs (Fig. 1). 
This increase in expression is accompanied by 
an increase in pim-1 mRNA, as shown by real 
time-PCR analysis (Fig. 2). Thus the effects of 
docetaxel are primarily transcriptional or post- 
transcriptional. 

We next wanted to define mechanisms through 
which pim-1 could be transcriptionally 
upregulated. Transcription of pim-1 is known to 
be activated by STAT transcription factors and 
by NFkB transcription factors. We examined 

the time course of STAT3 activation after docetaxel treatment (Fig. 1), and noted that it 
paralleled the course of pim-1 expression. We therefore suspected that docetaxel increased 
pim-1 expression in a STAT3-dependent manner. This was directly demonstrated by use of 
decoy oligonucleotides (Fig. 2). Double-stranded DNA oligonucleotides matching a known 
STAT3 binding site blocked the drug-induced upregulation of pim-1 expression, while a decoy 
based on a mutated (non-binding) STAT3 site did not. These data therefore establish a linear 
relationship among the following events: docetaxel treatments STAT3 activation-^ pim-1 
expression. 

RWPE-2 

0      3      6     9    12    24 
Fig. 1. Time course of PIM1, pSTAl 
expression 
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We hypothesized that NFkB transcriptional 
activation would be a downstream event in this 
signal transduction pathway, because many 
chemotherapy drugs and other stressors are 
known to activate NFkB. We engineered 
RWPE2 cells to constitutively express a NFkB- 
dependent promoter/luciferase plasmid, and 
found that docetaxel treatment increased NFkB 
transcriptional activity. We then transiently 
infected these cells with a p/m-'Z-encoding 
retrovirus. Pim-1 expression also consistently 
increased NFkB transcriptional activity. To 
determine if the drug-induced increase in NFkB 

activity occurred in a p/>n-7-dependent manner, we then infected the reporter cell line with a 
retrovirus encoding a dominant-negative form of pim-1, pimNT81. The dominant negative pim-1 
cDNA completely blocked the drug-induced upregulation of NFkB activity, demonstrating that 
pim-1 expression is a necessary upstream step in 
the drug-induced activation of NFkB (Fig. 3).    In 
aggregate    these    studies    establish    a    signal 
transduction    pathway   triggered    by    docetaxel 
treatment of RWPE2 prostate cancer cells. 

Fig. 2. STAT3 decoy oligonucleotide blocks 
piml increase after docetaxel treatment 

Oligo    M       WT      M       WT 
Tax       0        +        0 + 
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—      pStat3 

.( ^^ __ ^^    Total 
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Fig.3. Dominant negative PIM1 (NT81) 
blocks docetaxel-induced activation of 
NFkB transcriptional activity 
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To determine if this pathway modified drug toxicity, 
we examined the effects of enforced expression of 
wild-type or NT81 pim-1 cDNAs of docetaxel cell 
kill (Fig. 4).   Docetaxel produced dose-dependent 
cell kill in RWPE1, 2 cells.  Enforced expression of 
wild-type pim-1 cDNA markedly reduced cell death. 
In contrast, expression of the dominant negative 
NT81 cDNA enhanced cell death after docetaxel 
treatment.    These data demonstrate that pim-1 
expression can modulate drug-induced cell death, 
and    demonstrate   that   the    survival    pathway 
described above is a legitimate target for pharmacologic intervention.   These data have been 
published in the Journal of Biological Chemistry (1; see reprint in appendix). 

The goal of specific aim #2 was to define 
pathways through which the PIM1 kinase could 
activate NFkB transcriptional activity. We had 
hypothesized that PIM1 would phosphorylate the 
NFKB1/p105 precursor protein on serine-937, 
leading to proteolytic cleavage of the protein with 
release of active p50 protein as well as other 
sequestered NFkB components and the TPL2 
kinase. In the previous reporting period we 
demonstrated that PIM1 can phosphorylate the 
p105 NFKB1 precursor on serine 937, a novel 
phosphorylation site. In addition we prepared a 
polyclonal antibody specific for this phosphorylation 
site. During the early part of this reporting period a 
number of studies were undertaken to characterize 

Fig. 4. Modulation of docetaxel cell kill by 
enforced expression of pim-1 cDNAs. 
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the expression of phosphoNFKB1/p105(S937), using our phosphospecific antibody.   An initial 
study used mutant (S937D) p105 cDNAs to mimick the effect of phosphorylation.    These 

"phosphomimic" Fig. 5. NFkB transcriptional activity of p105 mutants, WT 

16000 

14000 

12000 

10000 

8000 

6000 

4000 

2000 

Control     WTp105       S937A S937D delta 800 

activity. 

proteins 
enhanced NFkB transcriptional 
activity whereas the 
corresponding S937A mutant 
inhibits activity, compared to 
the wild type NFKB1 protein 
(Fig.5). In this experiment, 
HeLa cells were transfected 
with a luciferase reporter gene 
under the control of a synthetic 
consensus NFkB binding site, 
plus WT or mutant p105 
cDNAs. Bars indicate the 
firefly luciferase activity of the 
transfectants, normalized to 
that of a Renilla luciferase 
transfection control plasmid. 
These data indicate that if 
PIM1 phosphorylates S937 in 
vivo, it likely would enhance 
overall    NFkB    transcriptional 

The third specific aim (specific aim #3) proposed to use small molecule inhibitors of the PIM1 
kinase as molecular probes to determine their effect on docetaxel sensitivity. A report 
describing one such molecule, the flavonol quercetagetin, was published as the cover article in 
the January, 2007 issue of Molecular Cancer Therapeutics (2; see appendix A). We have 
demonstrated that quercetagetin in a moderately potent (IC50 = 340nM, specific, and cell- 
permeable inhibitor of PIM1 activity in prostate cancer cells. Key data include the 
demonstration that quercetagetin in competitive with ATP. A crystal structure of PIM1 in 
complex with quercetagetin, or with three other flavonoids, has been determined. We have also 
shown that quercetagetin is able to inhibit the activity of the PIM1 kinase in prostate cancer cells 
at an IC50 of about 5.5u.M. Interestingly the activity of the AKT kinase is not inhibited at all under 
these conditions. A companion article, presenting a pharmacophore analysis of flavonoid 
inhibitors of PIM1, has also been published recently (3; see appendix B). We have recently 
obtained, and begun characterizing, novel small molecule inhibitors of PIM1 from Exelixis 
Corporation, and from Dr. Andrew Kraft (Hollings Cancer Center). These molecules show 
additive, or at some concentrations synergistic, cell growth inhibition in that PIM1 kinase acts to 
inhibit cell death caused by the cytotoxic drug docetaxel, and that blocking the activity of PIM 
can potentiate cell kill and overcome cytotoxic drug resistance. 

KEY RESEARCH ACCOMPLISHMENTS THROUGH September 30, 2008 
• Definition of a novel survival pathway activated by docetaxel treatment, and involving 

sequential activation or expression of STAT3, PIM1, and NFkB components. These 
studies have now been published in the Journal of Biological Chemistry. 

• Identification of serine-937 as the major phosphorylation site for PIM1 on the 
p105/NFKB1 precursor protein 
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Identication of quercetagetin as a moderately potent and specific, cell-permeable PIM1 
kinase inhibitor 
Demonstration that XL-1075 and XL-1154 can show additive or synergistic cell kill in 
prostate cancer cells treated with docetaxel 
Abstract presented at the annual AACR meeting, Washington DC, April, 2006 
Paper describing the activity of quercetagetin as a PIM1 kinase inhibitor, published in 
January, 2007 issue of Molecular Cancer Therapeutics (cover article) 
Paper describing pharmacophore analysis of flavonoid inhibitors of PIM1, published in 
March, 2007 issue of Bioorganic and Medicinal Chemistry 

REPORTABLE OUTCOMES 
Manuscripts Published 

Zemskova M, Sahakian E, Bashkirova S, Lilly MB. The PIM1 kinase is a critical 
component of a survival pathway activated by docetaxel and promotes survival of 
docetaxel-treated prostate cancer cells. J Biol Chem. 283(30):20635-44. (2008). 

Holder SL, Zemskova M, Bremner R, Neidigh J, Lilly MB: Identification of specific, cell- 
permeable small molecule inhibitor of the PIM1 kinase. Mol Cancer Therapeutics 6:163-72 
(2007). 

Holder SL, Lilly MB, Brown ML: Comparative Molecular Field Analysis of Flavonoid Inhibitors 
of the PIM-1 Kinase. Bioorg Med Chem (in press, 2007) 

CONCLUSIONS 
Our data demonstrate that PIM1 is a critical component of a survival/stress pathway activated 
by docetaxel treatment of prostate cancer cells. This pathway leads to activation of NFkB- 
dependent transcription, possibly by phosphorylation of p105/NFKB1 by PIM1 at serine-937. 
Targeting PIM1 kinase activity with quercetagetin, or other PIM1 kinase inhibitors, leads to 
additive or synergistic cell kill following docetaxel treatment. 
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APPENDIX 
Research data are presented throughout the body of this report. 
The appendix contains four items: 

A. Manuscript: Holder, et al., "Characterization . . . kinase." MCT 
B. Manuscript: Holder, et al., "Comparative . . . kinase." BMC 
C. Manuscript: Zemskova, etal., "The PIM ... cells." JBC 
D. Curriculum vitae for Michael Lilly, MD 
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Characterization of a potent and selective small-molecule 
inhibitor of the PIM1 kinase 

Sheldon Holder.'"* 3 Miirnui Zemskovti.3 

Clicio Zliiimj." Miiryum Tubrizizud.4 

Ryun Brenier.* Jonuthun W. Nuidnjlv*' 

und Midmel B.Lilly'-23 

'Canter for Moiaoular Bfcoiogv and Gone Therapy. Department* 
of 2B(ocherrntrv and MicroPro logy and *Medidno. Lorn* Linda 
Unrverxrty Sohoolof Medk-ine. Lama Linda. California: and 
4Plexxikan. Inc.. Berkeley. Caffonia 

Abstract 
The pim-1 kinase is a true oncogene that has been 
implicated in the development of leukemias, lymphomas, 

and prostate cancer, and is the target of drug development 

programs. We have used experimental approaches to 
Identify a selective, cell-permeable, small-molecule inhib- 
itor of the pim-1 kinase to foster basic and translafJonal 

studies of the enzyme. We used an b LISA-based kinase 

assay to screen a diversity library of potential kinase 
Inhibitors. The flavonol quercetagetin |3,3'.4'.5.6,7- 

hydroxyflavone) was identified as a moderately potent. 

ATP-competitive inhibitor IICso. 0.34 •imol.'L). Resolution 
of the crystal structure of PIM1 in complex with 

quercetagetinor two other flavonoids revealed a spectrum 
of binding poses and hydro gen-bonding patterns in spite of 

strong similarity of the ligands. Quercetagetin was a highly 

selective Inhibitor of PIM1 compared with PIM2and seven 

other serine-threonine kinases. Quercetagetin was able to 
inhibit PIM1 activity In intact RWPE2 prostate cancer cells 

in a dose-dependent manner IED.,0, 5.5 iimoTLI. RWPL-2 
cells treated with quercetagetin showed pronounced 

growth Inhibition at inhibitor concentrations that blocked 

I1M1 kinase activity. Furthermore, the ability of querce- 
tagetin to inhibit the growth of oilier prostate epithelial cell 

lines varied in proportion to then levels of PIM1 protein. 
Quercetagetin can function as a moderately potent and 
selective, cell-permeable mix bit or of the pim-1 kinase, and 

may be useful for proof -of -concept studies to support the 

development of clinically useful PIM1 inhibitors. IMol 

Cancer Ther 2007;6111:163-721 
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Introduction 
The pint family of serine-threonine kinases hi composed of 
thiee highly homologous genes, pim-1, pim-2, and pim-3. 
These  enzymes are  increasingly  being recognized  M 
IIIIJi  illllll   Mr.111!  •!•     .1   •111.1'.   ll   -.I.-,: Ill-,   Ll   >.   Bl   ••!•.  -ties- 

responses, and neural development (1-6). In addition, 
these kinases are const itutively expressed m some tumors 
and function as true oncogenes. Thus, they are of 
significant interest as targets for therapeutic inte ivenhoii. 

Small-molecule inhibitors are important molecular 
probes for studying protein kinases. In addition, they 
may serve as protype therapeutic agenls for treating 
diseases resulting from unregulated kinase activity. Three 
prior reports have shown that known, promiscuous kinase 
inhibitors can inhibit PIM I function in vitro. Jacobs et al. (7) 
showed that several staurosporine and brsindoyl-malei- 
mide unukigues, as well as the morphoHno-substituted 
chromone LY29-MXE, were able to inhibit PIMI activity 
in vitro. Subsequently. Fabian el al. (8) presented an 
interaction map involving 111 kinases and 20 small- 
molecule kinase inhibitors now under clinical study. Only 
three inhibitors had detectable binding to (and presumably 
inhibitory activity against) PIM1—two staurosporine 
in.il.,;ue-. ni.l flivopindol. -i fUvonoid under .'.OBI.; ev il- 
u.ilion .!•• in inhibit.* of cvchn-depeiideiil kinases. A recent 
report (9) confinned the activity of bisindoylmaleimide 
der K ilr.e-. as well as some flavonoids in vilm. All of the 
identified inhibitors either lacked specificity foe PIMI or 
were only modestly active at bw miromolir concent ra- 
il .:i-.. .i '.I'I I'liil-ien:. ne. :i me •! these tepoiLs -:i nved 
that the lest agenls could selectively nihibitPIMI activity in 
l:il i  I    ell-. 

To f urtlier our bask: and li.irtsUtioii.il studies of the pirn 
kinases, we have sought to identify small-molecule 
inhibitors  of  PIMI.  We  here   report that   the  flavonol 
Jlirr.Yii.Vr!!>.   I-    I   -k   ll'.-    I  IMI    inhibit  'I   Ull'i   :n:i  .11.   'Ill 
potency and can differentially inhibit Die kinase in eel- 
based assays. 

Materials and Methods 
Cell Lines and Culture Methods 

The prostate epithelial cell lines RWPF1. RWPE2, LNCaP, 
and PO were obtained from Die American Type Cultuie 
Collection (Manassas, VA) and cultured in the recommen- 
ded medium. We produced additional pools of RWPE2 
prostate cells that overexpressed pim-1 through retroviral 
transduction. The coding region for Die human pim-1 gene 
was cloned into the pl-NCX retroviral vector (Ckintech, 
Mountain View,CA). Infectious viruses were produced in 
the GF-2'JO packaging cell line by cotransfection with 
retroviral backbone pLismids (pUMCX or pLNCX/pim-I) 
and witli pVSV-G, a plasmid Out expresses the envelope 

Mol Cancer Tlicr 2007,€(1) January 2007 
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glycoprolein from vesicular stomatitis virus. Forty-eight 
hours after trainfection, the medium was collected and the 
virus particles were concentrated as described in the 
manufacturer's protocol (Clontech). RWPE2 cells were 
plated at 1 x 10s per 60-mm plate 16 to 18 h before 
infection. Cells were infected with 5 x 10* viral particles in 
toe presence of 8 ug/mLpolybrene. After oh of incubation, 
the virus-containing medium was replaced with fresh 
medium, and on the next day C4I8 (400 irg/mL) was 
added to select infected cells. After 10 days of selection, 
stable cell pools were established and PIMI expression was 
ratified by immunoblotling. 

F M .•.nikstli-iiihibilioiiexiviiment.s. Of ll> weie plated onto 
24-well plates and fixed with formaldehyde at intervals. 
Cell number was quantified bv <.'ivM.il vinlet stain my, 1' 

Recombinant pkn Kinasesand Kinase Assays 
We prepared recombinant PIMI and PI\f2as glulatlunne 

S-transferase (CSV) f us ions HI F.schencha call, as described 
(II). For the inhibitor screening assays, a solid-phase kinase 
assay was developed based on our demons! ration that PIM1 
is a potent kinase for phosphorylating BAD on Ser112 

(11, 12). Ninety-six-weH flat-bottomed plates were coated 
ov ernrght at 4°C with recombinant GST-BAD [1 rag/well in 
HEFES buffer. 136 mmol/L NaCl, 2aS mmol/L KCl and 
20 mmol/l- HEPES (pH 75)). The plates were then blocked 
(or 1 h at room temperature with 10 iig/mL bovine seiuin 
albumin in HFPFS buffer. The blocking solution was then 
removed and 5 u.L of each inhibitor, dissolved in 50% 
DMSO, were added to each welL Then, 100 ul. of kinase 
buffer [20 mmol/L MOPS (pH 7J0), 125 mmol/L MgCh, 
I mmol/L MnCb, I mmol/L EGTA, 1.50 mmol/L 
NaCl  10 uanol/L ATP, 1 mmol/L DTT, and 5 mmol/L 
| -,',!',< elo|-!i.-..|-h ite    ..•.•:ilii:u:i.-i  1       ...   i       <i:    T,r.!       -•   - 
PIM I kinase were added to each well. The final concentra- 
tion of each inhibitor was -10 umol/L. The plate was 
placed on a gel slab dryer prewarmed to 30°C, and the 
Un <M leaclion was allowed to proceed. The reaction was 
stopped after 60 min by removal of the reaction buffer, 
followed by the addition of 100 nL of HEPES buffer 
containing 20 mmol/L FDTA to each well. Phosphor vlited 
GST-BAD was detected by an ELBA reaction, using as first 
antibody a monoclonal anli-phospho-BAD(SI 12) antibody 
Cell Siynalmy. I'.inv ei-.. MA), a secondary goat anti-mouse 

IgG-petoxidase conjugated antibody (Pierce, Rockford, fl.), 
and Turbo-TMB peroxidase substrate (Pierce). The lev el of 
phosphorylated GST-BAD present was proportional to Hie 
absorbance at 450 nm. 

For quantitative and kinetic studies of inliibrlois iy,.im-.l 
various BAl>SII2) kinases. a solution pluse assay was 
used. A biolinylated peptide based on the PIM 1 phosphor- 
ylation site of human BAD was synthesized (GGAGA- 
VFIRSRHSSYPAGTE) and used as the assay substrate. 
Recombinant GST-PIM1 (25 ng/reaction) was preincubated 
with various concentrations of inhibitors in the previous 
kinase buffer (final volume 100 pal.). The reaction proceeded 
by addition of substtate peptide. Mimed ':•', uu ub ili.<n I <i 
9 min in a 30°C water bath. The reaction was let mutated by 
transferring the mixture to a streptavidin-coated 96-well 

plate (Pierce) containing 100 laL/wel of 40 mmol/LEDTA 
The biolinylated peptide substrate was allowed to bind to 
the plate at loom temperature for 10 mm. The level of 
phosphorylation was then determined by EUSA as 
described above. Curve fitting and enzyme analyses were 
done using GraphPad Prism version 4JOO for Windows 
(GraphPad Software, San Diego, CA). For the additional 
BAD(SI12) kinases [PIM2, RSK2 (rfeosomal S6 kinase 2), 
and PKA (cyclic AMP-dependent protein kinase)], teac- 
IMII •!:.tv.:r-rit- weie i-. >-. nbecl lb ••.<• As <\il:i IfM 
PIMI assays, an ATP concentration of 10 uanol/L was used. 
Fu it lie i more, with each kinase. linear reaction velocity foi 
I lie duration of the reaction were confirmed (data not 
shown). 

Totmlliei a-.-.<!*.-. tiie specificity <rf quercetagelin as a PIMI 
inhibitor, its activity against a panel of seime-lhreonine 
1 I:LI-- «, I-. also studied through a commeicial kinase 
inllbitoi pnifilmy, --el', ice ikmasePlofil'i. l.j'Mate Biolecli- 
nology, Cluil<itle-.v ille. VA). All KmasePMiler assays were 
conducted using 10 umol/L ATP concentrations. 

Small-Molecule Library Screening 
We obtained a library of 1200 compounds that had 

slnjclur.il affinity to known kinase inhibitors (TimTec, Inc., 
Newark, DE). The entire libraiy was screened once with 
OUI --.'Iid-phase FUSA kinase assay, with each compound 
at -10uanol/Lconcentration. Positive hits were rescreened 
at the same concentration. Compounds that had reproduc- 
ible activity at 10 umol/L were then screened at a range of 
concentrations from 0.001 to 300 uanol/L. Additional 
flavoiKHds weie purchased fr<im Indofine Chemicals 
! Hillsborough, NJ) and were tested in a similar protocol. 

Measurement of PIM1 Kinase Activity in Cells 
RWPE2 cell pools, stably infected with empty retrovirus 

or pan-l -encoding relrovirus, were seeded in six-well 
plates at 5 x 10s cells per well. After 18 h, the DOOM] 
supplemented keratinocyle medium was removed and 
replaced with supplement-free keralinocyte medium. Cells 
were then incubated for an additional 20 h. Quercetagelin, 
or an equivalent volume of DMSO, was added to the cells 
3 li liefoie the end of the starvation penod. Al Hie conclu- 
sion of Die starvation period, the cells were washed twice 
with PBS and subsequently lysed in a denaturing buffer 
with protease, pliosphatase inhibitors. The lysates were 
normalized bv total protein content (BCA prolem assay. 
Pierce), then analyzed by immunoblotling with the 
following antibodies: monoclonal i-.ii-IIMl -• i;111 On.-- 
Bioteclmolv.ies. Santa Cruz. CA); monoclonal anti-p-actin 
(Sigma, SL Louis, MO); monoclonal mli-PAI • : i LI-.IH - 
lion Laboratories. Franklin Ijkes, NJ); and monoclonal 
anti-phospho-BAD(Sl 12), polyclonal anli-phospho- 
AKT(S473), and anli-AKT (all from Cell Signaling). 

Cloning. Expression. Purification and Crystallization 
of PIMI 

The production, purification, and characterization of re- 
combinant 6His-tagged PIM I proteins for crystallography 
have been described previously (13). To obtain cocrystafc 

<l •. oiiiple\ef. <l !:•• |i •leni <\itn liymds. lie.' |'iolem 
solution m initially mixed with the compound (dissolved 
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in DMSO) at a final compound concentration of I mmol/L 
and then set up for crystallization. Tin' piotem was 
i.l illized by .1 sitlin>',-diop. vapor-diffusion experiment 

in which equal volumes of protein (10-15 mg/mL 
concentration) and reservoir solution 10.4-0.9 mol/L 
9odium acetate, 0.1 mol/L unidazole (pH 6.5)] were mixed 
and allowed to equiltorate against the reserv on it -ST. TV 
crystals niutmely grew to a si2e of 200 x 200 x 800 |im in 
-2 to 3 days. 

Structure Determination 
X-ray diffraction data were collected at Advanced Light 

Source (Berkeley, CA). All data were processed and reduced 
with MOSFLM and scaled with SCALA of the CCP4 suiteof 
pmgrams using the software ELVES. The space group of all 
crystals was determined to be P6s, with the cell axes being 
approximately 99, 99, and 80, and one protein monomer 
being present in the asymmetrical unit. All structures were 
determined by molecular replacement u-i:i,, the rp . PIMI 
structure IIYVVV; ref. 13) as a model, and refined by CNX 
•ad REFMAC5. Crystalliigiaphrc statistics are reported in 
Supplementary Table SI. The coordinates and structure 
I i ..I .ii- I .1 Hit' -tin tin-- : 1.1 -. eheen Jep -it-.I withtfal I- . 58 
Protein Data Bank (accession codes 3063,2064,2065). 

Results 
Screening of a Chemical Library with Structural 

Affinity to Known Kniase Inhibitors 
As .in initial approach to the identification of PIMI 

inhibitors, we screened a library of small inolei ules whose 
slructuiir. weie siuiilai to thine of know n kinase inhibit .i • 
Of Die seven compounds Dial had reproducible inhibitory 
activity at 10 umol/L, six were flavonoids [quercetin, 
IUIIMIIII. kaempfeml. 7-hydroxv flavune. :S;- •.7-JihvJroxv- 
8-(3-methylbut-2-ene)flavanone, and (R)-5,7-dihvdroxvfla- 
vanone). These compounds exhibited a range of inhibitory- 
potencies (as ICso) from 1.1 to 60 umol/L. Thirty-seven 
other flavonoids failed to show detectable inhibitory 
activity at 10 umol/L. These inactive compounds were 
characterized in most cases by bulky (charged or un- 
charged) groups at the 3,3*, 4', or 7 positions; lack of at least 
two hydrogen bond donors on the A or C rings; presence of 
glycoside linkages, or failure of all rings to adopt a plaivn 
conformation. 

The most active compound in the chemical library was 
the flavonol quercetin (IC», 1.1 umol/L), a known mhfcitor 
of kuuses and many other enzymes (14-19). Furthermore, 
six of the seven compounds with reproducible activity at 
lOumol/Lwere flavonoids. Hence, we screened addrlioml 
flavonoids to identify molecules with inhibitory activity 
against the PIMI kinase (Fig. 1). The BMMI active molecule 
was the flavonol queKelagttin (ICJQ, 0.34 umol/L). The four 
flavonoids with the highest inhibitory activity were 
characterized by the presence of five to six -OH groups 

tStfftmnm*uy dju lor th* jrfck «* avadjfclt » Molaaibr Cmcri 
1>icup«uta (Mnt friup ,','nul jjarjoumikocfc/1 

distributed between the A and B rings. In comparison, the 
hvdroxyl groups on the B rir^g seemed to be more crrtkal 
for tlie activity of Hie aimpounds ULIII those on Die A ring, 
as compounds with an unsubstituted B ring showed greatly 
reduced activ rtv. Finally, a hydrophobic substituent at Die 
8 position was tolerated. 

Quercetagetin Is a Selective. Potent Inhibitor of PIM1 
In vitro 

To ,i-.-.es.s the selectivity of quercetagetin for PIMI. we 
determined its ICS,; value toward the alternative BAD(SI 12) 
kuuses RSK2, PKA, and PIM2 (Table I). The IQo of 
quercetagetin for PfMl kinase was 0.34 umol/L, whereas 
the corresponding values for the other kinases were 9- to 
70-fold higher. 

To further clutacterize tlie specificity of quercetagetin, ils 
inhibitory activity was examined at I or 10 umol/L against 
additional serine-lhreonine kinases (c-Jun-NH2-krnase I, 
PKA. Aurora-A, c-RAF, and PKC8; Fig. 2). At the lower 
concentration, the selectivity of quercetagetin was most 
apparent. In the presence of I umol/L inhibitor, PIM1 
.K In ity was inhibited by 92%. In contrast, the activ rtv of the 
other kinases was inhibited by only 0% to 41%. In 
i...,i ..i! . these studies established In it ..u-• i -• 11,-.r• 11:i 

was a severalfold more potent inhibitor for pim-I kinase 
than for seven other serine-lhreonine kinases. In addition, 
quercetagetin was completely inactive against tlie c-abl 
tyrosine kinase when tested at the 200 umol/L concentra- 
tion (data not shown). 

Crystallographic Analysis of Quercetagetin in Com- 
plex with PIM1 

Recently, several crystal structures of Die PfMl kinase 
have been solved and presented, including apo forms and 
the eiiAii*- in complex with a vanety of Irgands (7, 9, 13, 
20, 21). Because the PIMI protein lias several unique 
structural features around its ATP-binding pocket, includ- 
ing the lack of the canonical hydrogen bond donor from Die 
hinge region typically used by kuuses to bind ATP-like 
ligands, we determined the crystal structure for tlie kinase 
in complex with three flavonoid inhibitors: quercetagetin, 
myricelin, and S^'^'.S'-peiilahydroxyflavone (Fig. 3). 

Tlie three flavonoid inhibitors show two distinct binding 
poses, denoted here as orientations I and II, respectively. 
Quercetagetin. the compound wrlh two hydroxyl groups 
on the B ring, adopLs orientation I, whereas the compounds 
with a trisubstiluled B ring (myriceuh and S,72'A'5'- 
pentahydroxy flavone) adopt orientation II. 

The binding pose of quercetagetin in HM1 (Fig. 3A) 
1 isely lesembles that of queicetin in phn-.phalidvliiHr.ilol 

3-kiruse y (1E8W; ref. 22) and lliat of fisetm in CDK6 
(1X02; ref. 13), designated here as orientation I. As seen in 
the two earlier structures (Fig. 3D and E), the 3-OH of the 
quercetagetin (Fig. 3A) makes a canonical hydrogen bond 
with backbone carbonyl oxygen of the hinge residue Qu'21. 
hi idJiii.ni. the P nngd .ii-i ••••I Igetm "I'Li.l-. .!•.• |- in-.i.l-.- 
the PIMI ATP-bindirrg pocket, willi the 4'-hydroxyl group 
hydrogen-bonded to the side chains of two highly 
conserved residues, Lys*7 and Qu*. However, significant 
differences  were also observed  between   the  current 
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sliuctuie and 11 if Ittnlepoi!<• d -.tnu tines. In Kill) lFAWand 
IXOZ the 4-keto group of the chiomenone core of the 
compound formed 3 hydrogen bond with the same hinge 
amide nitrogen [Val in phosphalidylinosilol 3-kinase y 
(Fig. 3D) and Val101 in CDK6 (Fig. Ml)]. However, there is no 
direct interaction between the 4-keto group of quercetagetin 
aiid the amide nitrogen of Uie corresponding residue Pro12* 
in PIMI because proline is incapable of acting as a hydro- 
gen bond donor. Instead, Ihe 4-keto group of quercetagetin 
makes close contact with the backbone Gi of ArgU2(3.4 A). 
It is not clear whether this interaction makes a positive 
contribution to the binding of queicetagetin to FIM I. 

The B ring of quercetagetin binds deep inside the PIMI 
ATP-binding pocket. The 4'-hydroxyl group forms hydro- 
gen bonds with both l.vs"7 and Qu , two of the most 
conserved residues in kinases. As has been noted, 
satisfying Ihe hydrogen bonding requirements at this 
region is one of the determining features of binding of 
compounds to PIMI (13). 

When compared with quercetagetin, the chrome none 
core of myricelin (Fig. 3B) and 5,7,3'/4'3'-penlahvdroxvfa- 
vone (Fig. 3C)has flipped 180° in PIMI such lhat Ihe B ring 
is now oriented toward the entrance of the ATP pocket. A 
possible explanation for adopting tht. orientation is tKit die 
interior of the ATP pocket cannot accommodate the B ring 

with three hydroxyl substitutions. Although they bind in 
the same orientation, there are important differences 
between the binding poses of the two compounds, which 
can be attributed to the presence or absence of tlie 3- 
hydroxyl group. The 3-hydroxyl group in myricelin still 
makes a hydrogen bond with the carbonyl oxygen of 
Glu121, despite the difference in binding orientation. 
Because of the adjacent 4-keto group, the 3-hydroxyl t> 
likely to be most acidic of all the hydroxyl groups in the 
compound, and, as a result, it dictates Ihe overall peti- 
tioning of the compound. Another interaction that may 
contifcute to the observed binding pose is a hydrogen 
•MII.1 !ielt\eeii the '-hvdioxvl .-.loup ifmviicelin ind the 
carbonyl oxygen of Pro123 (Fig. 3B). The importance of the 
3-hydroxyl group is evident. The second compound. 
5,7,3'4','>'-penlahydroxyflavoi'ie, lacking such a group, 
makes no direct interaction with (lie hinge region. 

Quercetagetin Inhibits PIMI Kinase Activity in Intact 
Cells 

To determine if quercetagetin could act as a cell- 
permeable PIMI inhibitor, we examined the activity ^>f 
the flavonol in RWPE2 prostate cancer cells. We studied Ihe 
phosphorylation of endogenous BAD on Ser112, under 
conditions of growth factor starvation, as an indicator of 
inli.K,-l]ul.ii PIMI activity (Fig. 4). 

"?? 
X) 

!S>«.7«ll>l!rarrtlavai.inc 
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Table 1.    Quorcetagetm is a select rve inhibitor of the PIM1 kinase 
over other BADIS112I kmases 

Kinase    Cfj (umol/l.)    I.qe, IC„ <u.mo]/ I.)    SE o» Icif; IC,„     K- 

liM 031 
n«2 3 45 
PKA 212 
R.SK2 2ffi 

-0.46 
'Hi 

: v. 
045 

012 098 

022 0.94 

0.23 094 
009 099 

NOTK AH din went dam-ad kotn nonbnrjr r*jp**ttan Atui\f>ts> umjt j 
tine parmnHM k»#atfc: *ul Mfntmm a Hal doHTuanl of -I. 

RWFT2 cells infected with d raro-expressing retrovirus 

showed little phospho-BADfSI 12) when cultured overnight 

in basal serum-free medium. However, cells with enforced 

expression of PfMI kinase had a 4-fold higher amount of 

phospho-BAD, reflecting the ability of the PIMI piotem I • 

j*}».i--j'J».•! •, lit-.- !!•• endogenous RAPi'itileiii. WhenpifS-l - 

expressing celk were treated with quercetagetin, phospho- 

BAD(S112) levek were markedly reduced in proportion to 

the concentration of the inhibitor. Half-maximal inhibition 

occulted at 55 umol/L exlraeellulji concentration. Quei- 

celagelin did not inhibit the activity of the AKT kinase 
under these conditions, as indicated by persistent phos- 

phorylalion of AKT on Ser4". These data indicate that 

quercetagetin was able to selectively block the ability of 

PIMI to phosphorylate BAD in intact cells. 

Queicet acjetin Treatment Reproduces a Known pkn-1 

Knockdown Phenotype 

If quercetagetin acts as a true PIMI inhibitor, then it 

should reproduce a pira-1-dependent phenotype in the 

target cells. We have shown that PIMI inhibition by genetic 
IIR-JII-. Small inteileim,', k\A • inlut'it-. Hie pi ohfei at ton >\ 

RWPEI and RWPE2 cells (Supplementary Fig. Sl).s We 

Iheieloie deteimmed if oueiceti.'.etin Could lepioduce this 

phenotype. RWPE2 cells were treated with quercetagetin 

for up to 72 h (Fig. 5A). Marked dose-dependent growth 

inhibition was apparent by 24 h, leading to persistent 

..i iwth aueM thereafter. Quercetagetin reproduced tin.-. 

pint-1 -dependent phenotype at a drug concentration 

that inhibited the enzyme in cells (EDJO, 3.8 umol/l; 

Fig. 5B). Similar results were seen in RWPEI cells (data 

not shown). Apoplolic cells, showing cytoplasmic blebbing 

and detachment, were rare, but dividing celk virtually 

disappeared in cultures treated with quercetagetin -il 

625 umol/L or higher concentrations (data not shown). 

DNA holograms obtained at 24 h after lire addition of 

quercetagetin (6.25 umol/L) or DMSO vehicle were very 

similar (Fig. 5C). Neither showed a <2n population sugges- 

tive of apoptosis. There was a slight increase in the propor- 

tion of cycling cells (S • Gj-M) in the drug-treated samples. 

A PIMI inhibitor would be predicted to inhibit Die 

growth of cells that express Ore molecular target, more Dun 

celk with little or no pim-l expression. We examined the 

effects of quercetagetin on the growth of prostate cell lines 

that express a spectrum of PIMI levels. RWPE2 cells 

expressed tire highest amount of PIMI protein; PO had an 

mteimedidte  level; and   I \CaP cells  si M wed  the  lowest 

amount of kinase protein (Fig. 6A). Treatment of the 

cells with various concenliatioit. of quercetagetin for 

72 h resulted in inhibition of cell growth (Fig. 6B). At all 

concentrations, RWPF2cells were inhibited the most, being 

•i.,nificantly more sensitive to quercetagetin growth inhi- 

bition Dun Die other prostate cancer cell lines. PO eels 
showed intermediate growth suppiession and were il--> 

significantly more sensitive than were LNCaP cells at 

quercetagetin concentrations of £125 umol/L. Thus, the 

ability of tire flavonol to inhibit piohfeialimi w.f. piopoi- 
tioiul to the amount of PIMI protein in tire target cells, 

jviitk ul.irly at lower drug concentrations. Although other 

interpretations are possible, these data support our 
observation that quercetagetin can act as a PIMI mhfeitor. 

Discussion 
The development of clinically useful small-molecule kinase 

inhibitors has been a seminal event in the world of onco- 

logy. Flavonoids were among the early scaffold structures 

identified as potential kinase inhibitors. However, although 

many flavones, isoflavones, and flav onolshave been shown 

to regulate the activity of kmases in cell-based assays, fewer 

data exist to show that these molecules can directly bind 

m.I inhibit knuse taigets both in vitio and m cells. II h 

clear that some (lav emends aie ATP-compelitive ligands for 

both tyrosine and serine-threonine kmases. as well as other 

ATP-binding enzymes. The flav onol quercetin is one such 

ligand, and its ability to directly bind to ATP-binding 

enzymes has been well shown. At low-micromolar concen- 

trations, it directly binds and inhibits such diverse enzvines 

a* the phosphatidylinositol 3-kinase (14), the epidermal 

growth factor receptor tyrosine kinase (15), relroviral 

reverse transcriptases (16), DNA gyrases (17), phospho- 

diesterases I-. md I: n -i -J .SI?I ndllCtaM !• OttatN 

direct flavonoid inhibitors have been descrfoed for RSK2 

kinase (24), milogen-aclivated protein/extracellular signal- 
regulated kinase 1 (25), and several cyclin-dependent 

kinases (23, 26-28). One sucli liquid flavopiiidol. lus 

already entered clinical trials for the treatment of cancer. 

Others, such as PD9B059, are familiar laboratory reagents 

for inhibition of kinase pathways. We now show, by means 

of crystallography, that quercetagetin is a duect bgand for 

the ATP-binding pocket of PIMI kinase (Fig. 3k 

Aurora*     c-RAF »KA PKO 

Figure 2. Quarcangetn s >i«Kti« nnator ot P VI inw. inn ar>r 
act viyol qjaocatagetn ai 1 and 10 |in»0L final concentrat on aoanst a 
spectrum ot sauna trveonne • nasas ot a panal ot k nasas. assessed By 
KinasaProtlar assay, Theect vty n the presence at vehcle only wastaken 
ro Ba 1C0"«> act vty. Column* maan ot djplcate dMerm nat ons. 
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Arg-122  Se,-*£ 
Leu-IJ 

Glu-880 

Rgura 3. X ay crystal structures 
ot ttavonods Bound 10 tna ATP 
and no iwol "VI and compar 
•on w«h structural ot ftavonndi in 
compia« win other tmw. 01 the 
tinea compounds cocrystelied win 
PMt .quercetaoetn lAiorentstne B 
rno, ra de trta pocket |ar enliton 11. 
whereas botn myrcetn [Bi and 
5. /. 3 .* .4 pernehyoYoryfavone 1C1 
f p tie B r>ng out toward soajieni 
|t»maion 1. Bon nndng orenta 
tons have Mmoaavtd n Via ays 
tt structural ot flevonads bound to 
other knases. IfcBW iD.quercetnn 
compJe* w tn pnospnatdyi noatoi 
3 • nase -»| and 1X02 IE. titi 1 kl 
complex wnhCOKS represent or an 
tat on 1. whereas atCK iF.quercetn 
n complai w.t> HCKi e<empHei 
orantaton . An pciures show res 
dual that form hydrogen bond win 
tie nhb.un |Lys*?. Gli". Ou'1'. 
and Asp'**), in the PM1 stiucum. 
Via trraa resdues naar tna ATP 
Hndtng s/ie that dtlarant ala PMT 
torn PM2 |Ser*\ Qu"". and Val' '*) 
an also shown. Tha nhbtors ara 
color ad by atom lypa: nd. orygen 
atoms: yuan, carbon atoms. 
Datntd purplt lints, hydrogan 
bonds. 

Specificity is always a concern wilh ATP pocket ligands. 
There are probably no absolutely selective inhibitors for a 
kinase but rather ligands that show a spectrum of affaHJM 
fk« then \ anous targets. We have shown that quercetagetin 
is severalfold more active against PIMI than against eight 
otherserine-lhreoninekui.i--!'-. i:».l a tyrosine kinase,either 
with in vitro assays or in cell cultures. Interestingly, 
quercetagetin showed 10-fold more selectivity for PIMI 
than for the homologous PIKE kinase (sequence identity 
56%k The ATP-binding pockets of these two kinases are 
identical wilh the exception of three residues ak>ng the 
edge of the PIMI ATP-binding pocket—SerM (Ala in 
PIM2), Gkr'24 (Leu120 in PIM2), and ValQ* (Ala122 in PIM2). 
Valui of PIM 1 nukes direct van der Waal's contact witli Die 
A ring of quercetagetin (Fig. 3 A.). Loss of such a contact due 

to the Val-to-Ala substitution is likely a contributing factor 
to the reduced activity of the compound in PIM2 The other 
residues are located close to the hinge Arg122 (Argu* in 
P1M2). The IMLII side chains of Ser* and Qu13* can form 
hydrogen bonds wilh Arg122, thus affecting its conforma- 
tion. Substitutions of th«ve residues to hydrophobic amino 
acids in PIM2 will change the kical environment (Fig 3A). 

The only large-scale examination of the specificity of 
flavonoid kinase inliii'ilors i%.isi.'p..i!-.l i> nlK ':.•, 11:11:1 

etal. (8).This investigation used acomjvlilrve binding assay 

to predict Hie inhibitor potency and specificity of Die Ust 

agents. Flavopiridol was tested fix binding affinity to 119 

lcinaaes.Twenlv-thiee kiiias<s iviund (Lnojwridol undei the 
test conditions, with bind ir^; constants r.in,',in>; from 1 ' I' I • 

0.6 umoI/L.  Interestingly, the tested cvclin-dependent 
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kinases bound flavopiridol less well than did calcium/ 
calmodulin-dependenl protein kinase kinase I. These data 
suggest thai cyclin-dependent kinases may mil be the only 
kinases inhibited in cells by flavopiridol. Both PIMl and 
PIM2 were among Ihe bound kiruses, with binding 
constants of 0.52 and 0J65 umol/L, respectively. Although 
there is no absolute correlation between binding constants 
and enzymatic activity, flavopiridol could conceivably 
inhibit the activity of both PIMl and PIM2 in test systems. 

Because quercetagetin has not been tested against a large 
number of other kmases, we cannot predict what other 
fii/V mes would be perturbed by this flavonotd. 11 is likely, 
however, that its spectrum of selectivity will be substantial! v 
different from that of flavopiridol. Quercetagetin showed 
clear preference for inhibiting PIMl over PIM2, whereas 
flavopiridol did DOt. Fuilhermore quercetagetin inhibited 
the activity of the Aurora-A kinase {ICJO -4 umol/l.), a 
kinase that did not bind flavopiridol (8). The -.ii':-.lan!i.il 

f^   Quercetagetin (uM) 

»-ni^)BAn.:sii?: 

.ul-JAU 

anti-P|Ml 

tnili*>AKT(S473| 

art .AKT 

u 25 :J 
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• eratnocyte medium overngne. then treated win 
Cfjercetaget n 10 !iO(imolCi tor 3 h. Lysaias wan 
than pnparad and eum nad Bv mmunoMon ng 
win the ndcaiad ant cod as. B. opamtaton 
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homobgy between Aurora-A kinase and PIM1 kinase likely 
contributed to the low-level inhibitory activity of querceta- 
getin for lite former; Aurora-A and PfMI are 29% identrcal 
over their entire kmase domains; and the ATP binding 
pockets have 68% conserved amino acids. 

An earlier. smaller-scale study looked at Die effect of the 
flavonol quercetm on the in viro kinase activity of 25 
kinases, none of which were pirn family kinases (29). At the 
tested concentration (20 rimol/l.). quercetin inhibited llk- 
enzymatic activity of eight of the kinases. The propeir-rlv 

•I   I'M-   III',   •!>.•!   to  I'll:.    i.y.i-v, il- •••   in    i. il-   ill-   --.lull.:, 

has been advanced as an explanation for its widespread 
enzyme-inhibitory activity in riio (30). We have not 
detected quercetagetin aggregates at concentrations of 
<I0 iimol/L in aqueous solution, using a light-scattering 
assay (data not shown). Thus, we feel that thrs .u1il.it 
does not account for the li'ilit', ..( tins flnonol to inliibit 
PIMI   Jt ItJIlOlIlolil   COlkVIltl  ill HIS 

Because of the potential ambiguities that may accompany 
the use of small-molecule kinase inhibitors, a series of 
standards have been proposed for their use (29). To 
validate the trulls, il is desirable to show that the effects 

of an inhibitor disappear when a drug-resistant mutant of 
the protein km.ise is overexpressed. A HI rough convincing, 
this standard often fails due to the lack of an identifred 
mutant with tire desired properties. No such mutant has 
been identified for any of the pirn kinases. Another 
potential standard is to show that the cellular effect of the 
drug occurs at the same concentrations that prevents lire 
phosphorylalron of an authentic physiologic substrate of 
tire protein kmase. We have seen in Ihese studies Oral half- 
maximal growth inhibition of prostate carver cells occurred 
11 i Jin.'. . m..!':ilrrlum ' - .11:. •! I 1M il ipproxrmaled lire 

ICg) for PfMI enzyme rnhibrtron in cells (5.5 iunol/l.). 
Furthermore, the •-l.-li.il', lor prostate cancer growth 
inhibition, in proportion to endogenous PIMI levels, mi 
gnatesl at 625 runol/l.. Higher concentrations suppressed 
growth mote, but the relationship to endogenous PIMI 
lewis was obscured. These data suggest that, at reliln -A; 
low concentrations (perhaps 5-10 runol/l.), the growlh- 
inhtbitory effects of quercetagetin likely involve PIMI 
anlagonrsm. A thrrd standard rs to observe the same effect 
with at least two structurally unrelated inhibitors of the 
protein kinase.  Previously described inhibitors of pirn 
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figure 5. Quercateaetn nh an 
growth ot prostate cancer cells at 
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r>guro 6. Quarcarragatn mto « in* orotnn ot prom* cancar call n 
praponon to trv*r MM ol PM1.A. m*asur*nn*ni at ntrscaiuar "VI 
o PC3. LNCsP. md RVVPE2 vain cane** calls by maxi-icaon ng. B. 
g/owtn mat an try traatmant ot prostMacanear calls wTh quarcMagMn 
tor 72 n. Columns, rnun ot trpi CM* datarmnatons trom on* ot two 
irolir aiparmanti: oars, SO. P VHUH war* cateuMad By r IMI and 
-ap-asam tha probabiiy VIM thar* s no dttaranc* batwaan in* two 
corn par ad populM ons. 

kinases are either less active or less specific flavonoids 
I.7. '" . Hit* Mine structural class as quercetagetin, or 
staurosporine analogues (8,9,21). We therefore used small 
interfering RNA as a genetic means to identify a piiw-1 - 
dependent phenol ype. Proliferation of prostate cells was 
suppressed with both the genetic and chemical inhibitors of 
PIMI activity- These data show that quercetagetin is an 
autlk-nlK' small-molecule mhibilot of PIMI Hum 

The crystal structures of PIMI complexed with querce- 
lagetin, myricetin, and 5,7^4^-penUhydroxvflavonone 
show that flavonoids bind to PIMI in two distinct 
orientations. Although interesting, this (•. not a surprising 
observation, as flavones have shown a variety of binding 
modes In kinases (9,22, 23, 26-28). An examination of (lie 
intermolecular interactions of each flavonoid with PIMI 
does not clearly reveal why one orientation was adopted 
over the other. However, it is possible that the presence of 
three hydroxyl groups on the B ring of myricetin and 
573',0-r*nUhydroxyflavone discourages these two fla- 
vonoids from adopting the binding orientation observed 

for quercetagetin. The hydrophobe side chain of leu.ix, 
which extends into the ATP pocket in the same region 
occupied by the B rmg of quercetagetin (Fig. 3A), may be 
incompatible with the 5' hydroxyl group of myricetin and 
5,7,3'/4',S'-pentahy,droxyflavone. 

I .1-, ;.vr:-i ITI.I ;.!>i:-2 i:i |-!I.*-.|-!I...I •, lite -1FBP-I. a 
ir.-.nl il..| 'I protein tianslatiirn .'I. 'J I- -11 • 11:. •, •. i: i « i-. 
unable to block this effect. These data suggest that pint 
kinases may function in a parallel pathway to the 
phosphatidylinositol 3-kinase/AICT/mammalian target of 
rapamycin cascade to regulate and suppott pintem 
synthesis under stress conditions. Because AKT-I and 
PIM2 function coopetatively to induce hmphoma forma- 
tion in transgenic trace (6), it may be necessary to target 
both pathways for effective antitumor effects. Several 
prototype AKT inhibitors have been described (33, 34). 
Our identification of quercetagetin as a PIMI inhibitor 
pti>\ ides a tool fm tissue culture studies to investigate this 
hypothesis. Under the tested conditions, we found BO 
evidence that quercetagetin inhabited the phosphorvlation 
of AKT on Ser**. Thus, it may be possible to combine 
inhibitors of tin*-*- kinases to detect additive or synergistic 
effects tesuhing from the blockade of the two kinase 
pathways. 
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VlMracI the I'lM I pi • I -_ 11 . 11 •_ pi -.ii-cl •! Ike ;•!."' • i •- 'Jti ;•-. i-. i NVIIIC ll:i •. •! iu:c kut-i^c I.iy -acgUjli -i: .•! ike I'lM I kii.j*. 
I i- I'vvi; iiHi-Ik. ik.: u: llit dcvcK<|>incttt of human malign ancie> including Iymphumas. Icukcmi a%. Jlld ploilalc CillCCI. lolllpai alive 
molcculat field analysis (CoMFA) k a 1-DQSAR technique that has been widely u-ved. with notable >ucce«. locom-latc biokigjcal 
activity with the steric and electrostatic properties of hgands. We have used a set of 15 fiavonoid inhibitors of tlie PI Ml kinase, 
aligned de novo by common substructure, to generate a CoMFA model foi the pui|x«c of elucidating the >teiie and eleeli -i ii>. 
properties involved in fiavonoid binding to the PIM-I kiiu*;. Partial least squares correlation between observed and picdiclcd 
inhibitor potency (expressed as -loglCso), using a non-cross-validated ruiinl I. • i -...i. irei analyst, generated a nouovivvali 
dated i/1 =0.805 for the training set(/r = !5)of flavonoids. The CoMFA generated steric map indicated llial the PIM-I-binding ale 
was stoically hindered, leading to mixeeflicienl binding of planar molecules over </t*)or <.S) compound*. The election la lie map iden 
titled that punitive charges near the fiavonoid atom C8 and negative charges near CA' increased fiavonoid binding The CoMFA 
model accurately predicted the potency of a test set of flavonoids (n = 6), generating a correlation between observed and picdictcd 
potency of a2 = 0.825. CoMFA models generated from additional alignment rules, which wcic guided by co-crystal structure ligand 
orientations, did not improve the correlative value of the model Superimposing the PI M I kinase crystal structure onto the CoMFA 
contours validated the aerie and electrostatic maps, elucidating the amino acid residues that potent taly contribute to the CoMFA 
fields. Thus we have generated the fist predictive model that may be used for the rational design of smal-moleculc inhibitors of the 
PIM-1 kiiu*. 
O 2007 Published by Elsevier Ltd. 

I. Introduction 

The PIM-1 protein tsascnnc/thrconinckinasc'-' that has 
been shown to be involved in the regulation ot cell sur- 
vr.il. dirlcrcntiation. proliferation, and tumongcncsis 
(for review, sec Rcfs. 4.5). The pim-t gene was first 
identified as a preferential provtral insertion site of 
Moloncy Munnc Leukemia Virus in virally induced 
T-ccll lymphomas m mice.6 In humans, pim-1 is 
expressed m normal tymphoid hssucs (hone marrow, 
spleen, thymus, and lymph nodes), tesus. and circulating 
mycloid cells. '•* Although its specific role is not known, 
the PIM-1 kinase has been shown to he an integral part 

Ktynordr. Pin-1; Comparative molecular fiekl analysis (CoMFA); 
Flavonoids; Knusc inhibitors. 
* Corresponding author   Tel.   M  202 687 860}; tan:  »1 202 687 

7659; email: mb54ajggeorgetom-n.edu 

0968-0896A   see from matltr £ 2007 Pubfahed by Elsevier Ltd 
doilO 1016/ibmc-200706 025  

of growth factor signaling.''-'7 Additionally, the PIM-1 
kinase is involved in regulating the activity ol phospha- 
tases"" and transcription factors,aui and has been 
•hown I' rh.'-ph.ir.-Lilc II.-I.T Jir niilni protein I 
UIPIi."Pim-l associated protcm I (PAP-lr' and the 
nuclear mitotic apparatus protein (SuMAi.:4 all nuclear 
proteins involved in chromalm remodeling. I'hc PIM-1 
kinase has also been shown to phosphorylatc and 
inactivate the pro^apoptoti: protan BAD.15-16 

While the PIM-I kinase rs involved in numerous signal- 
ing events in normal cells, ptn-l knockout mcc only 
exhibit a minimal phenotypc. The near normal photo- 
type of these mice is attributed to functional compensa- 
tion by other members of the PIM family of kinascs, 
namely P1M-2 and PIM-?.2T Not surprisingly, hemato- 
poictic cells taken from triple knockout mice devoid of 
PIM-I. PIM-2, and PIM-3 demonstrated to have an 
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impaired response to growth factors.;' While the 
absence of prn-1 showed minimal adverse effects in 
mice, over-expression of pint-1 has been shown to haw 
significant effects on cell survival. In vitro studies reveal 
that enforced expression ofptn-1 caused increased 
cellular proliferation, decreased apoptosts and cell 
death, increased cell survival.29 and protection from 
toxin-induced cell death'1' in the munnc bone marrow 
f IX'PI cell line. f ntorccd expression ot human pim-1 
in HX'Pl cells also resulted in IL-3-indcpcndcnt cell 
survival.11 furthermore, pim-l has been shown to 
cooperate with both c-myc and N-myc in hematopoietic 
oncogcncsis* and significant over-expression of pim-1 
has been demonstrated in clinical cases of lymphoma.'2•" 
leukemia.7 and prostate cancer. V4-'5 

Comparative rrnlccular hcU analysis (CoMI-'A) is a 
three-dimensional quantitative molecular modeling 
technique used to study relationships between hgand 
structure (stene and electrostatic properties) and biolog- 
ical activity. The final validated model can be used for 
the design of novel hgands and to predict the functional 
activity of those hgands before synthesis. 

In addition to its successful use to evaluate the proper- 
ties of the finding sites of kinasc-spccific inhibitors,'*- 
'" the ( .All A methodology ha- -h.nvn utility in evalu- 
ating the hgand-bmding sites of numerous receptors,'9- 

M calcium channels." chromosome p45<) cn/ymes.5*"*0 

human immunodeficiency virus-1 intcgrasc.*1 and |f- 
tubuhn." In each case the C'oMlA models demon- 
strated a strong correlation between predicted and 
experimental hgand activity. 

We have constructed CoMI-'A models, aligned with and 
without crystal structure guidance, for flavonoid hgands 
of the PIM-1 kinasc using a training set of 15 flavonoid 
probes for which we have determined the inhibitory po- 
tency against the PIM-1 kinasc. Here we describe the 
electrostatic andstcne properties of the C'oMlA model. 
We demonstrated its utility as a predictive model of fla- 
vonoid potency using a test set of six flavonoids that 
were not included in the training set. We also validated 
the model by overlay with a Pl.M-1 kinasc crystal struc- 
ture to elucidate the amino acid residues that may pro- 
vide an explanation of the CoMI-'A contours. 

Q2 2. Results 

Simple correlations between PIM-1 kinasc inhibition 
and flavonoid log /* (l-'ig. 1) or molecule dipolc (fig. 2) 
resulted in poor correlations. This suggested that other 
parameters arc important for kinasc inhibition. 

Hence we generated CoMFA models of flavonoid inhib- 
itors of the PIM-1 kinasc. The structures and corre- 
sponding -loglC;o values for the training set of 
flavonoids arc presented in Table 1. A cross-validated 
partial least squares analysis determined the optimum 
number of components for use in non-cross-validatcd 
analysis to he 2 (Table 2). 
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figure I. Predictive vihie erf log/* versus mhihrior potency for the 
training set. 
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Figure 2. Predictive vihie of cfcpole moment versus inhibitor potency 
far the training set 

I sing the alignment rule for model I (l-'ig. 3), a non- 
cross-vahdatcd partial least squares regression analysis 
of potency, expressed as -loglC'50. and CoMI-'A 
descriptors generated a C'oMlA model with if = 0.805 
for the training set (sec Table I and l-'ig. 4a). The ( oM- 
f'A model provided an improved correlation to flavo- 
noid potency compared with logi" (/?" = 0.4803) or 
dipolc moment (JJ2 = 0.1749) for the same set of data. 

We validated the CoMI-'A model by determining how 
accurately it could predict the IC<o values of a test set 
of compounds (flavonoids not included m the training 
set: Table 3). Wc compared the CoMI-'A predicted 
-loglC'«o with the experimental -loglC<o for each fla- 
vonoid in the test set. The model showed a strong corre- 
lation between predicted -loglC'so and experimental 
-loglC.'«o with a correlation coefficient of /?"= 0.829 
;1 ig. 4b). These data demonstrated that the CoMI-'A 
model could successfully predict the potency of flavo- 
noid inhibitors of the PIM-1 kinasc not present in the 
training set. 

The stene and electrostatic contributions to the model 
were determined to be 0.626 and 0.374. respectively, 
and arc represented graphically in figure 5. for electro- 
static contributions the model predicts that increased 
binding will result by placing more negative charge near 
the flavonoid C'4' position and more positive charges 
ncarC'S. for stene contribution'- the model predicts that 

I'lctoLcite Ihti, -little in |itou». Holder. S el al.. HiuurR  Med < firm (2(1)7), drt.l'I.IOIoj.lsnc.Jdn.Od.CJs 
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I able I. Structures and nan cross validated PI .S analyst! for the training set using multiple alignment) 

1-1tt 12.13 M 

0«Pig««11 

"W° 
Compound R, R; R. R< R, R« Rr R« R, Rto 

1 (qucrcetagetin) OH OH Ol 1            OH ll ll OH OH ll ll 
2 (gaxsvpetin) HI OH OH HI ll HI HI ll ll 
.1 II HI HI ll ll HI OH HI ll 
4 (myricclin) Ml HI HI li ll ll 1 OH m II 
••   :r«fc^ II HI OH ll ll II OH II II 

•   |i'-it   -i ill HI OH ll ll OH OH n ll 
1 fluteolin) II HI HI ll ll OH OH II II 
8 (moral! HI HI HI ll HI II OH II II 
9 H II HI ll ll OH II n II 

10 II II III ll ll OH OH Hi II 
11 II II HI ll ll II II II ll 
13 II II ill HI ll II OH II ll 

Compound Model I 
loglC„(uM) 

-..I Pred* Urn 

Model II 
kigICw(nM) 

Pred* Pc. 

Model III 
kiglC,0(uM) 

Pred* Pe. 

I 

2 
3 
4 
5 
'. 
7 

S 
» 

10 
II 
11 
13 
l±<*> 
15-tf) 

,i.o 

'"!.. 
.1.1- 
00* 
0.20 
043 
066 
059 

-1.10 
-1.15 
-IJ4 
-1.78 

2.03 

•i ji 

•I" 

•'I- 

-025 
-0.12 
-0.75 
0 98 
086 

-1.76 
0 98 
059 
1 05 
1.78 

••i:. 

• I.-. 

005 
0.18 
006 
"1. 
008 
0 | J 
0.33 
0X)3 
0*7 

-0.17 
046 

-0.73 
025 

•-•:• 
0J1 
0.29 
0.10 
019 
0.29 
0.16 
0*2 
0.91 
054 

-1.77 
0.91 
059 

-103 
151 

0 19 
,I.V. 

-0.11 
• i:. 

• i .• 

• i:: 

0 04 
., -o 

0 25 
005 
. i •.. 

0 23 
045 
0 75 
022 

• i-: 
..-.: 
• in: 
0O05 
••:. 

-0J9 
-0.19 
050 
.i... 

-0J67 

-152 
•'•<• 

056 
-101 

154 

I able 2. Cross validated partial least squares analysn using multiple alignments 

•>.'• 

•1.1- 

•I.- 

•I. 

0.18 
OJS 
001 
OJ7 
•122 
0.23 
a72 
0.26 
048 
0.77 
019 

Ohsd, observed value; pred, predicted value; res, residual. 
'Generated from CoMPA noncross validated run Csee Section 4) Kr = 0505 (model D. 0500 (model ID, 0.781 (model HI) 

T;   -K-T. Model I Model II Model III 

; # ; *- , *-' 
0.682 0 303 0686 0 296 0 711 0344 
0610 ,i :•- 0.630 0452 0654 •1   IN 

0*79 0416 0669 0.433 0696 •1   -•-•. 

0691 0450 0.731 0.385 •|7;. .1   •••*, 

..". 0.374 0760 0.401 0.787 0 358 
0561 0.318 0519 •i "... .I..M 0.312 

s, standard err or for the estimate of   loglC^; &, correla tan coefficient. Optimum number of components far model I »2(fl2 = 0.487), model II s2 
(^ = 0452), model mis 2 Of5 =0409) 

adding hulk near the C3' and C'6' positions will improve 
binding. 

We examined the interactions of the most potent PIM-I 
antagonist, qucrcetagetin (l('»o = 0.34 uM). and those of 
the   least   potent   flavonoid,   compound   I?   <IC;o = 

107 uMi. with the stene and electrostatic contours of 
the model. The model elucidates at least one reason for 
the dramatic diHcrcnccs in potency between these two fla- 
vonoid compounds. As illustrated m l-'igure 6. qucrcc- 
tagctm lies almost completely flat within the contours. 
In this position the ('?' and C4'' hydroxyl groups on the 
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Fipire-V Co MF A model alignment rules <al In model I compounds 2 21 were aligned by overlapping atoms indicated by red circles <b| In model 11 
myncctm was abgned to querceiagetm According m their respective poses m-tthin the co crystal fcred PIM 1 structures. To achieve thi* Alignment the 
pratem crystal structure backbones of PIM 1/querdtigetm and PIM l.myncetm mvre aliened The relationship of the querceiagetm pose to the 
myncctm pose s illustrated by overlap of atoms indicated by blue squares and red circles. Compounds 2, \ 5 21 were aligned to quercctagetm as m 
model I (indicated by green trungles) (c) In model III compounds .t and I "sere aligned in theco crystallised pose of myrxetm Compounds 2, S 9, 
II 21 mere aligned » the cocrysulh/ed pose of querceiagetm <d) The crystal poses of quercetagetm (bhiel and myncetin(green! m the PI Ml ATP 
binding packet 

B nng arc directed toward the area revealed by the model 
as favorable for negative charges (red contours). In con- 
trast, compound 15 has I clnral center at the exposition 
and docs not In Hat withm lhe contours (because of the 
sp' li-. In :i •.! ii in. The B nng ol this flavonoid is posi- 
tioned deep withm a region where the model predicted 
less bulk would improve binding (yellow contour). Hence 
the model elucidates the stene interactions that make 
compound 15 a poor PIM-1 kinasc inhibitor, that is. 
the position of the B nng produces stene hindrances that 
discourage flavonoid funding. 

Wc sought to further validate the ("oMI-'A model by 
comparing the stcric and clcctrostati; contours of the 
model with • PI.M-I kinasc crystal structure. Wc have 
previously reported the crystal structure of the PIM-I ki- 
nasc in complex with quc^cctagctln.<•, Wc superimposed 
the quercctagetm in the PIM-I co-crystal structure onto 
the quercctagetm in the C'oMf-A training set and exam- 
ined the ammo acid residues involved in flavonoid bind- 
ing. In the areas where the model predicts improved 
binding by the addition of more positive charges, there 
arc potential interactions with negatively charged acidic 
side chains <tihim. Asp12*, Asp'", CJIu'7'). Similarly, 
the electrostatic contour lavonng negative charges envel- 
ops the positively charged side chain of Lys67 (Fig. 6a). 

The stene fields were abo confirmed by the PIM-I ki- 
nasc crystal structure. The bulky side chains of Val , 
Ala*', and Lcula>stcncally hinder large groups in the re- 

gion identified in the crystal structure that corresponds 
to regions in the CoMFA model where reduced bulk will 
improve binding. The model also identified a solvent 
exposed area near (7 as a region where rcducod hulk 
would improve binding. Additionally, the side chain 
of Phc49 and those of He"* and lie"* form two hydropho- 
bic pockets. The model accurately identified both of 
these pockets as regions where the addition of bulk would 
improve funding (l-ig. 6b). Ilcncc. a comparison of the 
electrostatic and stene C'oMIA fields with the PIM-I 
kinasc crystal structure validates the striking accuracy 
of this (.oMI-'A model of the PI M-l kinasc. 

To address the finding that flavonoids bind to the PIM-1 
kinasc m at least two different oncntahons wc created 
additional C'oMI-'A models using alternate alignment 
rules (l-'ig. 3). Model II. in which myncenn was aligned 
in the training set of compounds according to its crystal 
pose rather than by supcnmposition onto quercctagetm 
over their common substructure, showed no improve- 
ment over model 1 to predict the potencies of the test 
set of compounds dig. -li. Similarly, model III. in which 
myncctm and compounds 3 and 10 were aligned in the 
training set according to the crystal pose of myncctm. 
showed no improvement over model 1 in predicting 
the potencies of the test set compounds < I-'ig. 4). 

In light of the stcncally restneted nature of the PIM-1 
kinasc ATP binding site wc evaluated the relationship 
between volume and potency for flavonoid  inhibitors 

f'lc cc ate Hi- IIIILIC III pus* J-  fl'kkt, S. et JI, fliuorg Med Chan. (2007), doi:IO.IOI6/j.bmc.2007j06j02S 
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Kitnrt 4. Tr ammf and lest set xnirysei ititug multiple ahgnment rules The conelitxin between predicted ind observed potencies for the triming set 
tuiqgCoMFA modek I, II, and IIMLCC respectively) ii shomti The test set results for modeh I, II, and III ire presented m panels b,d, ind f, 
r ex pec ti sidy. 

of llic PIM-1 kinasc. Figure 7 demonstrates what ap- 
pcars to he an optimum volume near 21S A' (the volume 
of qucrcctagctin) for flavonoid antagonists of P1M-1. 
Havonoids with volumes larger or smaller than 21S A' 
arc progressively worse inhihitors of the HIM-1 kinasc. 

^. I H-. 1."!••!• 

Here we have described the generation of the first l.'oM- 
IA model for PIM-1 kinasc hgands using flavonoid 
prohes. Sixty-three percent of the contributions to the 
model were stenc. while only 37": were electrostatic, 
suggesting that flavonoid binding to the P1M-1 kinasc 
is influenced predominantly by stene factors rather than 
by electrostatic factors. 

The stenc contours reveal that the PIM-1 kinasc A'l'P- 
bindmg site is stcncallv hindered above and below the 

plane of the bound flavonoid. It is likely that the planar 
conformation of the flavonc class of compounds is what 
allows them to fit well into the stcncally restricted space 
within the PIM-1 kinasc ATP-binding site. In contrast. 
(Rh and (.S>flavanoncs (compounds 11, 14. and 15). 
which have a crural carbon at the ('2 position, are infe- 
rior PIM-1 kinasc antagonists compared to the Havoncs 
(sec Hg. 6 and Table 1). Our model was able to predict 
the relative order in regard tocnanhosclcctivc inhibition 
[R> S) of compounds 14 and 15. . 1 i||.u 1I1 ti 1 pl.i- 
nar conformation is advantageous for inhibition and 
presumably would not be limited to the flavonoid class 
of compounds. It is more likely that this favorable char- 
acteristic will be found in small-molecule inhibitors of 
the PIM-1 kinasc as a group. 

As demonstrated m ligure 7. the volume of the ligand 
also appears to play a role in the potency of flavonoid 
cmp.'iind- .1- PIM-1  kinasc antagonists. This Icaturc 
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I able 3, Observed and predated potencies for the test set using multiple ahgnrnenn 

16-21 

Compound R, R? R, K R, R„ R- R, RM                  RIO 

I6(nsetm) OH H II OH II II OH OH II           II 
17 OH II M OH II II II OH II           II 
IS(kaempferol) OH OH II OH ll II II OH II           II 
l» OH II n OH II ll II II II           II 
:• OH II HI H II OH II OH II           II 
a H Oil ii OH II II II II II            II 

Compound Model 1 Model n Model III 

< 
kiglC„<uM| kigIC*, iM kiglC««jM) 

Kisd frcl Res r-*i Res Pred                     Res 

I6(nxun) 007 0.20 0.13 028 021 030                     023 
n 001 0.10 009 016 015 0 20                     0 19 
W(kjonpferol) 0.11 -041 0.30 042 0J1 046                      0.35 

l» •94 QJ9 023 090 024 •i «                      0.23 
:•• 092 -a77 -015 0.79 -0.1J 0 7»                       0.14 

:i 0 94 • 1:1 o-M • i :• ..."                        ,-i-i 

Ql Obsd, observed vahic, pred, predated vahic. res, residual; *Generatcd from CoMFA na I run (tee Section 4). 

Fifare 5. Comparison of the most ind least potent fUvoncnd mrntalors of the PTM 1 bnase wnhsn the comours of the CoMFA model 
Qucrceugetin. the most potcm inhibitor, K pictured in gray. (5>5,7-DihydromynavaiKine (15), the poorest inhibitor, if pictured in purple For the 
electrostatic contours increased binding n predicted by placing more positive <*) charges near blue areas and more negative ( ) charges near red 

. The stene contours predict increased binding by placing more bulk near green areas and less hulk near yellow areas 

I* related to the stcneally restricted nature of the bind- 
ing site. It appear, that the potency of a Havonoid is 
reduced when the volume of the Havonoid is too small 
to adequately till the ATH-hinding pocket. Similarly, if 
the volume ot the Havonoid is too large the restrictive 
nature of the funding pocket results in reduced effi- 
ciency of funding and interior potency. A volume 
approaching 218 A . the volume of quc reel age tin. 
appears near optimal for Havonoid inhibitors of the 
PIM-I  kinase. 

The Co Ml-A model generated a superior correlation to 
observed Havonoid potency than simple correlation t.i 
cither log/* or dipolc moment. It is important to note 
that the Havonoid potencies used to generate the C'oM- 
l;A model were determined using a solid phase in vitro 
kinase assay. Because iogP is a predictive measure of 
absorption, it is plausible that determining the Havonoid 
potencies using a cellular assay would improve the cor- 
relation between log/* and observed Havonoid potency. 
Nonetheless, the utility ol the C'oMIA model as a prc- 
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I-1 cure 6. Chirac to1 ration of the electrostatic and stenc CoMFA fields with a superimposed PIM 1 HaN9|Mri structure The crystal structure of 
the PIM 1 kinise mcomplei »ith quercetagctm B superimposed on the CoMFA fields using the positx-ins of cjucrcetagetm m the crystal and m the 
modd For clarity, only the ammo aod residues contributing to the properties of a CoMF A contour are shown The pictured flavonoid is the 
Co Mr A modd quercetagetm structure; to reduce visual duller the PIM 1 crystal quercetagetm structure K not shown, (a) Tor the electrostatic 
contours increased binding it predicted by placing more positive < *•) charges near bhie areas and more negative < ) charges near red anas (h) The 
stenc contaunt predict increased rinding by pliang more bulk near green areas and less bulk near ye Dow areas 

l 
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S -1 •   -1.6 
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-2.6 
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• 20*. 8110, 

'•Wm 1,1), 
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tiim 7. The volume of i flivonoid ti relited to its potency is in 
inhibitor of the PIM 1 Ionise The libels on the poms represent the 
volume of curb inhibitor The bold numbers in pirentheses identify the 
compound iccordnu; to number is presented m Tible 1. 

dictivc model of flavonoid POtacy Mi demonstrated by 
its ability to accurately predict the potency of the test set 

• I llivonoids. These data suggest that the model may he 

an cHcctivc tool for the in silico design and prediction of 
additional flavonoid inhibitors of the PIM-1 kinasc. 
lurther cxpcnmcnLs will be conducted lo determine 
the accuracy of using the model to determine the 
potency of small molecules thai are not in the flavonoid 
class of compounds. 

Additionally, the P1M-I kinasc crystal structure 
strongly supports the C'oMI-A model by providing rea- 
sonable rationale in regard to the ammo acid residues 
thai may contribute to the stene and electrostatic con- 
tours of the model. This type of analysis is fairly unique. 
as C'oMI'A models arc usually employed when the 
structure of the enzyme or receptor protcm is unknown. 
Similar types at analyses, where the contours of a C'oM- 
I'A model for a protein were combined with a crystal 
structure of the enzyme, have been described.w<i$-** |n 

each case, as m our case, the combination of the C"oM- 
I A contours with the cn/ymc structure elucidated spc- 
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cmc potential ligand-enzyme interactions and allowed 
for a more informed and predictive structure-based de- 
sign effort. 

Our analysis elucidated the three-dimensional contribu- 
tions ot specific ammo acid residues to the steric and 
electrostatic properties of the PIM-l kmasc ATP-hind- 
ing site. Results from these studies may provide invalu- 
able information for the design of potent, selective 
inhibitors of the PIM-1 kinase. 

Qucrcctagctin. qucrcctin. myncctin. and compound 3 
share a common flavonc scaffold and differ only in the 
number and positions of substituted hydroxyl groups 
onto the flavonc backbone. Hence, our previous work 
demonstrating that these flavoncs do not all bind to 
the PIM-1 kmasc in the same orientation was quite 
unexpected.*' 

()nc of the weaknesses of CoMFA is the choice of the 
alignment rule. We show for the first time that caution 
must be used in aligning compounds even when they 
appear to have a common pharmacophorc. The varied 
orientation of flavonoid binding to the PIM-1 kmasc 
presented a potential limitation of the CoMFA model. 
The alignment rule used to create model I did not take 
into account the varied binding orientations lcr.~l.il 
posesi that could he present in the training set of flavo- 
noids. However, alignment rules incorporating the crys- 
tal orientations of compounds in the training set (model 
II) did not improve the ability of the model to predict 
the potencies of the test set of compounds. This unique 
example provides strong evidence of the robustness in a 
correlated partial least squares in regard to establishing 
alignment rules. 

It should be noted that, as a dass of compounds, flavo- 
noids have been shown to be inhibitors of other kinases 
in addition to the PIM-1 kinase. Protein kmasc C*9 and 
protein kmasc A70 activity have been shown to be inhib- 
ited by flavonoids. with ICso values in the milhmolar 
range. In contrast, flavonoids inhibit the PIM-1 kinase 
in the micromolar and suhmicromolar ranges. 

Flavonoids arc promiscuous compounds, in that their 
effect is not limited to the kinase class of enzymes. 
Flavonoids have been shown to induce mammalian 
topoisomcrasc I l-dcpcndcnt cleavage.71 and inhibit both 
mitochondnal NADH-oxidasc72 and HlV-1 intcgrasc.'1 

Havonoids have also been shown to inhibit soybean 
lipoxygenase and stimulate cyclooxygcnasc.74 Ciastnc 
H+. K+-ATPasc.7! reverse transcriptascs.7* and DNA 
and RNA polymcrascs7* arc also inhibited by flavo- 
noids. Common to many of these studies, regardless of 
the target enzyme, is the observation that the polyhydr- 
oxylatcd core plays a major role in the potency of flavo- 
noids. This polyhydroxylation is also an important 
contributor to flavonoid promiscuity. 

Comparing the hydroxylation patterns of qucrcctagctin 
and myncctin. as in Figure 3d. suggests that the tn- 
hydroxylatcd ring ot' the flavonoids is preferentially ori- 
ented toward the same region when hound to the Pl.M-1 

kmasc. This general rule appears true whether the tn- 
hydroxylatcd ring is ring A (as in qucrcctagctini or ring 
B (as in myncctin i. An alignment rule based on this gen- 
eral rule would require compounds .3 and 10 to bmd to 
the PIM-1 kinase in an orientation similar to myncctin. 
rather than qucrcctagctin. Such an alignment was 
employed for model III. with no improvement in the 
predictive value of the model. 

The structure of myncctin is similar to that of qucrcc- 
tagctin. hence the two compounds share similar proper- 
ties when aligned according to their common 
substructure (as in model I). Interestingly, when aligned 
according to their crystal oncntations (as in models II 
and III) these two compounds still share similar spatial 
electrostatic and stene properties (sec Fig. 3). This rela- 
tionship likely contnbutcs to the success of our model. 
Our bindings demonstrate the utility of ligand-bascd 
methods, such as CoMFA. in elucidating structure 
activity relationships; particularly m cases were the 
binding oncntations of hgands arc unknown. 

Thus the outcome of the three predictive models pre- 
sented here demonstrates that with our training and test 
set of compounds CoMFA is sufficiently robust to pro- 
vide predictive models despite the vancd binding oncn- 
tations of flavonoids to the PIM-1 kmasc. The utility of 
our model has been demonstrated by its successful use 
to predict the potencies of the test set of flavonoids 
(r~ = 0.829). Hence we present here the first predictive 
model that may he used for the rational design of 
small-molecule PIM-1 kinase inhibitors. 

4. Methods 

4.1. l'IM-1 activity 

The IC'so's used in the CoMI'A were recently reported 
for PIM-1 kmasc activity (Holder. S.. Zcmskova. \1.. 
/hang. ('.. I'abnzizad. M.. Brcmcr. R„ Ncidigh. J. 
W.. Lilly. M. B. Charactcnzation of a potent and selec- 
tive small-molecule inhibitor of the P1.M1 kinase. Mol. 
Cancer Thcr. 24(07.6, 163-172). These values were used 
without correction or normalization. 

4.2.  M"l. .1.1.i i  ino I. Hr-. 

The octanol-watcr partition coefficient (log/') for each 
flavonoid was calculated using Chcmdraw version 6.0 
(Cambndgcsoft. Cambndgc. MA). Molecular dipolcs 
were calculated using MOPAC with default settings. 
The molecular volume (A') of each compound was cal- 
culated in SYBYL. The structures and lC<o values of the 
set of flavonoids that form the training set are listed in 
Table 1. Table 3 lists the structures and IC<<> values 
for the flavonoids that form the test set. 

The structures of all of the compounds were constructed 
in the BUILD/EDIT mode of SYBYL and cncrgy-min- 
imizcd by the conjugate gradient method using the Tri- 
pos force field*4 from a starting geometry of Pl.M-1 
bound   J,II.T..-I.IL:.-lin   : _« > :f* i.    1 h:  ll.iv.in.M.l-   in   the 
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training and the test sets haw a common douHc stx- 
memhered nng structure: hence atoms in this common 
sub-structure were used to create the alignment rule 
tor model 1. All of the structures in the training set were 
aligned over the atoms (4. C5. C6, C7. and C8 of 
quercctagetin trom the co-crystal structure with the 
PIM-1 kinasc. Similarly, the flavonoids in the test set 
were also aligned over the atoms (4. C5. C6, ('". and 
CS. Co Ml A. using default parameter'-. »n calculated 
in the QSAR option of SYBYL 6.5. The CoMFA grid 
-pacing was 2.0 A m the .v. v. and r directions, and the 
grid region was automatically generated by the CoMPA 
routine to encompass all molecules with an extension of 
4.0 A in each direction. An sp carbon (stencs) and a 
charge of +1.0 (electrostatics) were used as probes to 
generate the interaction energies at each lattice point. 
The default value of 30 kcal/mol was used as the maxi- 
mum electrostatic and stcric energy cutoff. 

l.'sing the training set of flavonoids, cross-validated 
and non-cross-vahdatcd partial least squares analyses 
(PLS) were performed within the SYBYL/QSAR rou- 
tine. Cross-validation of the dependent column 
(-loglC'50) and the CoMFA column was performed 
with 2.0 kcal/mol column filtering. Scaled by the CoM- 
FA standard deviation, the cross-validated analysis 
generated an optimum number of components equal 
to 2 and tf =0.495 (Table 2). PLS analysis with non- 
cross-vahdation. performed with two components, gen- 
erated a standard error of estimate of 0.376, a proba- 
bility (/J: = 0) equal to 0.000. an /-'value (n, =2. 
*i = 12) of 24.?>2. and a <T= 0.805 (Table 1). The rel- 
ative stcrK (0.626) and electrostatic (0.374) contribu- 
tions to the final model were contoured as the 
standard deviation multiplied by the coefficient at 
80% for favored stcric (contoured in green) and fa- 
vored positive electrostatic (contoured in blue) effects 
and at 20'! c for disfavored stene (contoured in yellow) 
and favored negative electrostatic (contoured in red) ef- 
fects, as shown in Figures 5-7. 

()n the basis of this analysts, the IC«o values of the test 
set of flavonoids were predicted and correlated to the 
observed lC<o values as determined in our laboratory 
(Table 3). The C.'oMFA contours were also compared 
with a PIM-1 crystal structure. A P1M-I kinasc crystal 
structure with hound quercctagetin (the most potent Ha- 
vonoid inhibitor of the PIM-1 kinasc among those wc 
have assayed) was superimposed with atoms Ol. C2. 
C3, C4, C5. OS, C7. and CS. onto the quercctagetin 
structure in the training set of compounds used to create 
the CoMFA model. 

A crystal structure of myncctin in complex with the 
PIM-1 kinasc revealed a surprisingly distinct and differ- 
ent binding orientation than qucrcctagetm.*' Hence a 
second CoMFA alignment rule was employed (model 
II), in which myncctin was aligned to quercctagetin 
according to their crystal poses rather than by their 
common substructure as in model I. To accomplish this 
alignment the two crystal structures of the PIM-1 kinasc 
in complex with quercctagetin and myncctin (RCSB 
Protein Data Bank codes 2Q63. 2Q64. respectively! were 

supenmposed over their protein backbones. The two 
PIM-1 kinasc structures arc notably similar, with an 
RMSD over the complete protein backbone of only 
0.58 A. Quercctagetin and myncctin were extracted 
from their respective PIM-1 kinasc proton structures 
to achieve a hgand alignment and oncntation hascd on 
the crystal poses. The remaining compounds in the 
training set were aligned to quercctagetin by their com- 
mon substructure, as in model I. 

Based on their respective hydroxylation patterns, com- 
pounds 3 and 10 were identified as likely candidates 
for binding to the PIM-1 kinasc m a similar pose to 
myncctin. rather than that of quercctagetin (sec the dis- 
cussion section for a detailed explanation). Conse- 
quently a third alignment rule was employed (model 
III), where myncctm and compounds 3 and 10 were 
aligned in the crystal pose of myncctm. while the 
remaining compounds in the training set were aligned 
in the quercctagetin crystal pose. 
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The PIM1 Kinase Is a Critical Component of a Survival 
Pathway Activated by Docetaxel and Promotes Survival of 
Docetaxel-treated Prostate Cancer Cells"® 
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A defining characteristic of solid tumors is lb< capacity- to 

dhidc aggressively and disseminate under condition* of nutri- 
ent deprivation, limited oxygen availability, and exposure to 
cytotaiic drugs or radiation Survival pathways are activated 
within tumor colls to cope with these ambient stresses We here 
J^-. i iK- .) -.uoivii sssfjjsssss ictrntad b] the .uiti rani M drug 

docotaxel in prostate cancer cells Docetaxel activates STATJ 
phosphorytabon and tfanscriptional activity, which in turns 
induces expression of the PIMi gene, encoding a serine-threo- 
nine kinase activated by many cellular stresses. Expression of 
PIMI improves survival of docetaxd-treated prostate cancer 

cells, and I'l.M I knockdown or expression of a dominant-nega- 
tive PI Ml protein s«nsiti7e cells to the cytotoxic effects of 
docetaxel PIMI in turn mediates docetaxel-inducvJ activation 
of NFKB transcriptional activity, and PIMI depends in part on 
U11 •. p>-"- |--i. -t.-ins for its prosurvrval effects The PIMI kinase 

plays < -mi- • I role in this STATi — PIMI — NFKB stress 
response pathway and serves as a target for intervention to 
enhance the therapeutic effects of cytotoxic drugs such as 
docetaxeL 

A defining characteristic of solid tumors is the capacity to 
divide aggressively and metastasize under conditions of nutri- 
en t deprivation and I united <:• xv gen a vailablll ty These m re roen- 
viron mental stresses arise from I naoWiuate pert usicn as the pri- 

mary tumor rapidly outgrows its initial blood supply and from 
dramatic structural abnormalities of tumor vessels that lead to 
aberrant micrcorculabon Survival pathways are activated 
within tumor cells to cope with these ambient stresses Exam- 
ples incl ude stress pathways that respond to hypoxia (11, oxida 

trve stress 12). and unfolded protein'endoplasmic rebculum 
stresses (31 In addition to the-.c mi<.r-ien> ironmental stresses, 
anb-cancer treatment can cause additional stresses to cancer 

*Trs) w:rt: v.a: supported byDepartment z(toftrstvCDMRPProstat*Can- 
cer Program Award M1XKHM-I-I«7. Tits coin of puMlcirjon of thk 
art Id* wart defrayed In pan by the payment :f page diargss. The arttrta 
must (TMrefcr. be hereby marisd 'iavutmr^f it accordance with U 
US.C S 13 i:n 1734 solar/ to rtdcate nib tact 

3CTh» on-lntv*ryoncf ttibanlckaiavaliabia at hnp-.'wwwjbcjorci contains 
•JUpfA (mental Figs. IS- SS. 

' To whom corrajf>:r.ajr.:i :r.:'jia be addressed: Chao Family C :mprehan- 
dw CancerCttir.tr. 6ldg. 56. Rm. 2*8, Untwrslty of Cairorrta, rvlm, 101 
The City Dr. Oraroa. CA >2tit Tel: N4-4S6-S1S3: Fax: • 14-4! i-::J: 
E-mail: mMyOudjadu 

cells These added insults call forth additional responses that 
can augment the survival mechanisms of the malignant cells 

and impair overall cell kill Key participants in stress response 
pathways induced by cytotoxic drugs include AKT- and other 
kinase-dependent pathways 14-81. NFicB1 pathways (91. and 
mediators of DNA repair (10). 

Among the potenba I survival proteins in cancer cells are the 

PIM family of kineses, including the PIMI. PIM2. and PIMi 
genes These smalLcytoplasmic serine-threonine kinases func- 
tion as true oncogenes, promoting the development of cancer 
man imal models. e« ther alone (11) or synergis tic ally with other 
oncogenes.such as MYC (12i In normal arid malignant cells. 

PIM kinases are highly regulated at the transcriptional level. 
Expression is induced by many cellular stresses, including cyto- 
kines (13). oncogenes (14). hypoxia (15). host shock (16). and 
toxin exposure 11 "I In addition. PIM kinases are constitutively 
expressed i n a va riety of leukemias and lyrophomas (18). in head 

and neck squamous cell carcinomas (19). and in prostatecancer 
(20-221 Therefore. PIM kinases may mediate in part the proc- 
ess of carcinogenests PIM kinases have been shown to promote 
cell survival in the face of cytokine withdrawal ai well as expo- 
sure to ionizing radiation and doxorubtcin (13. 23. 24) This is 

accomplished in part through phosphory taoon of the proapo- 
ptotic protein BAD on serine 112. leading to its sequestration 
by 14-3-3 (25. 26). It is unknown whether PIM kinases partici- 
pate in induced cytoprotective responses following treatment 
of cancer cells with chemotherspeutic agents Since the PIMI 

kinase has been implicated in the development or progression 
of prostate cancer, we have examined its role in cell responses 
to docetaxel. the pr imary cytotoxk agent used to treat prostate 
cancer (27. 28) We here present data showing that PIMI 
expression is induced by docetaxel treatment Further more. 

PIMI it a key component of a survival pathway that includes 
STAT3 and NFKB transcriptional complexes 

EXPERIMENTAL PROCEDURES 

Heagenti—Docetaxel pharmaceutical grade solubon(Sanofi) 
was diluted in unsupplemented keratinocyte medium llnvitro- 

gen) immediately before each experiment 3(4.5 Dimethyl-2- 
thiazolyll-2.5 diphenyl-2H-tetrazoliuro bromide IMTT) was 

' The atfortvUOore used are: NF.e. nuckaar factor «l- FSS, ptophate-tyff- 
•red sallnt: MTT, 3-4 j-dlmamyl-imiazory(O.S-dl|^nyu:H-lotraiollum 
bromida: C-APDH, qlycera»dahydt-3-ffiospt">au dehydrc-agnas*; iBNA, 
short Interfering FrfX 
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prepared as stcck solutions in PBS The following monoclonal 
antibodies were used anti-0-ACTIN (clone AC-15; Sigma I. 
anb-PIMl i lone 12M3. Santa Cruz Biotec hnology. Inc.. Santa 
Cruz. C A), anti • BCL^ (c bne H- 5. San la Cru z Biotech nobgy I. 
anb - phospho-STAT3 (Tyr^*) (clone 3E2; Cell Signaling), anti- 
total STAT3 (clone 84. BD Biosciencesl. anti OAPDH (clone 
FL-335; Santa Cruz Biotechnology), anti PRDX5 (Transduc- 
tion Laboratories i. and anti- hu nwsn cycl in B1 (clone GNS-1; BD 
Bioscicnces) 

Ceii Culture and Generation of Stable Clone*—RWPE 2 
prostate epithelial cell lines (ATCC) were maintained in kerat- 
inocyte mediurn (Invitrogen) supplemented with 5 njr ml 
bui-nan recombirunt EOF. 005 mg'nil bovine pituitary extract. 
KM units'ml penicillin, and I'M ug nil streptomycin (Media 
Tech) DU145 prostate cancer cells were obtained from the 
ATCC and grown in RPMU640 mediurn with 10% fetal bovine 
serum 

For some expenments, we produced additional pools of 
prostate cells that overejtpressed wild-type or dominant nega 
trve PIM1 cDNAs(23) through retrcwiral transduction The 
coding regions for the human PIM1 gene or a dominant nega 
live variant (NT81) were cbned into the pLNCX retrcwiral vec- 
tor (Clontech) To produce infectious viruses, the OP-293 pack- 
aging cell line was co transfected with retrov iral backbone 
pbxmids (pLNCX. pLNCX'PIMl. or pLNCX'XTSl) and with 
pVSV-G, a plasmid that expresses the envebpe give..-.protein 
from vest: ular stomatitis v irus. using the calcium phosphate 
method. Alter 48 h of incubation, the medium was collected, 
and the virus parades were concentrated by centnfugati'ii 
Prostatecells werepbtedat 1 X 10s cells'60-mm plate 16-18h 
before infection Cells were infected with 5 X 10 viral particles' 
pbte in the presence of 8 jig' ml Polybrene. Alter 6 h of incuba. 
tion. the virus containing medium was repbeed with fresh 
medium, and on the next day. 400 jxg.'ml G418 was added to 
select stably infected cell populations After 10 days of selec- 
tion, stable cell pools were established, and expression of the 
PB41 transgenes was verified by Western blot analysis 

For reporter gene assays. RWPE-2 cells stably expressing a 
NFKB-luciferase reporter plasmid were prepared The parental 
"-II line u.-j- ... tran-fected with the reporter gene plasmid 
(Stratagene) and a puromycin resistance plasmid Puromycin 
resistant clones were screened for expression of firefly luciter 
ase in response to stimubbon with tunvnr necrosis factor a 
(Peprotech) Two highly responsive clones were combined to 
create a pool In some experiments, this pool of reporter cells 
was further infected with PIM1 encoding retroviruses. as 
described above, and further pods were selected by treatment 
of the cultures with G418 

Determination of Ceil Vubdity and Apoptoai—To deter- 
mine cell survival folbwing docetaxel treatment, both short 
term (MTTl and long term (regrowth I assays were used For the 
former, cells were seeded into 96- well plates (1-2 X 10* cells, 
well I and allowed to adhere overnight Ev>cetoxel was added, 
and the cells were incubated for various periods of bme Meta- 
bolically acbve cells were measured by the MTT assay. For 
regrowth assays, cells were plated at 5 X 10*-well of 12-well 
pbtes and allowed to adhere overnight Docetaxel was then 
added for 24 h Cells were subsequently trypsinized.and dilu 

tionswere plated in fresh medium in 24 well plates and allowed 
to grow for 6-7 days Cell numbers were then enumerated by 
crystal violet staining 129) 

To measure caspase activation folbwing docetaxel treat 
ment. the carboxyfluorescein FLICA apoptons detection kit 
was used (Immunochemistry Technologies). The stained cells 
were analyzed with a FACScalibur flow cytometer. 

DSA Htitoffam Analyat—After docetaxel treatment for 
24 h. the floabng and adherent cells were harvested and com- 
bined, washed with PBS. and then fixed with cold 70% ethanol 
and stored at 4 "C The cells were then washed with PBS and 
were resuspended in 1 ml of PBS containing 25 >xg.'ml pro 
pid IU m iodide. 01% Triton X-100. and 40 ttg< ml R Nase A After 
incubation for at least 30 min at 4 *C. the cells were then ana- 
lyzed by FACScalibur fbw cytometer using channel FL3. 

L*i4craie Reporter Attayi—Cells (4 X 10*/well) were plated 
in 24-weII plates and allowed to adhere overnight Cells then 
were untreated or not with docetaxel andincubated for6h The 
level of luciferase expression was determined in triplicate using 
a luc iferase assay system (Promega) according to the munufac 
turer's protocol. The luminescent signal was recorded using a 
plate luminometer IBerthold Technologies! Luciferase activity 
was normalized to total protein concentrabons. as measured by 
the Bradlord method. 

VTettern B!c*tmg—C«l\t (5-7 X 10s) were washed with cold 
PBSandhsedin 100 id of lysis buffer 120 mMTns HCl.pH 7 5. 
1%SDS. 50mM NaCl. 1 mUEDTA supplied with 1 n\W phenyl 
methylsulfonyl fluoride and protease inhibitor mixture Set V 
(Calbiocheml I The lysates were son kated and the protein con- 
centrabon was measured using the BCA• Protein assay kit 
(Pierce) L'ptoTO jxgof total prc-tcinlaneweresubiec ted to 121*' 
SDS- PAGE and transfened to poryvinylidene membranes The 
membranes were bbeked with 5% skimmed milk in I I • • I 120 
mM Tns HCI. pH 75. 150mM NaCl.O 1% Tween 201 and then 
incubated overnight in 5% skimmed milk or 5% bovine serum 
albumin in TBST with primary antibodies (dilution 1 10001 at 
4*C with constant shaking Alter washing with TBST. the 
membranes were exposed to peroxidase-coupled secondary 
antibodies for 1 h at room temperature. Membranes then 
washed again with TBST. Detection of the protein was per- 
formed by using the chemiluminescent SuperSigral West 
Femto or Pico Maximum Sensibvity substrate (Pierce I 

Real Time PCX— Total B.MA was extracted with TRIzol rea- 
gent (Invitrogen I and single stranded cDNA was constructed by 
Superscript III porfTnerase llnvitrcfgen) and oligotdT) pnmers. 
Real time PCR was perbrrned using iCyc lex (Bio-Radl and Si'BB 
Green PCR master mix reagents (Qsagenl The following pnmers 
were used PIM1 forward. S'-AACTGGTCTTCCTTTTTGGTT- 
3'. PLM1 reverse. 5'-TACCATGCCAACTGTACACAC-3'; CFT 
(c ofilin) forward. 5' - GAGCAAGAAGGAGGATCTGGT-3'; CF1 
revena 5^QUUTCAT«rrTGATOCCTGT 3" The PI.M1 
primer concentration was 2>iM. and the CFL (cofilinl primer con- 
centrabon wosO ifiM per reaction 

STAT3 De<oy and Mutant Control Decoy Ot^onucleotide 
Treatment—The ST AT3 decoy and mutantdecoyoligonucleo- 
tides ublized previously described sequences (30) RWPE-2 
cells were seeded intoo-well plates (5-7 X 105 cells''well) and 
allowed to grow Twenty-four hours later, the cells were treated 
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FIGURE I PIM1 eepe <«lonlslrK»jc&dby docetaiel h RWPE-2 cells. AcelE 
m.n treated with ICO iw docetaocal t: r (fa ir.3c^i<3 tme:. PM) and 
0-ACTINprocelns MMBJ)nl by rnmunobbt analyst.Ciieofthree strilar 
blots Is shown tote, ratio of PIM V0-ACTN tram pooUd densltomotry data 
from tnree separata expertnents, jacf. r.:rrr,iMt 3 to 'Mi or untreated celb. 
p value *";. probabllry or no difference it ritio: treated vmie untreated 
celb; by paired rust.- - 3I.R celb were treatedwth lOor 1OOnMdocetaixel 
forthelndkcated time.RealtimePCR v.-: used to treasurePM1 mFiNA.Each 
viijs representstnemean: SD.c/rinepooled measurement:produced by 
three r.la pin dent experiments Jars, retadve -fold increase of PIMI RNA 
kivel ;normillied to tha ftiK level of the housekeeping gene cofllni com- 
pared with untreatedcontrol 10hi.~,p •: 0.01 .f values" we re calculated by r 
tasts and represent the probablltv of no dlferonee between the trailed ind 
untreated vitas. 

with ST AT 3 decoy oligonuc leotide (50 nM) or mutant control 
oligonucleotide (50 nM) using TniifilT^-Oiigo Transfection 
Reagent (Mtrusl Incubation bniesof cells with decoy oligonu 
cleotides varied between experiments Isee figure legends) 

tiRSA St*J*rf— In some cases (NFKB siRNA studies), cells 

were b-anrfec ted with NFKB1 (pSO) siRNA. R£LA(p65) siRNA. 
or control siRNA (Santa Crux Biotech nobgyl One day prior to 
transfection. 5 X 10* ceuVwell were seeded in 6-well plates 
Twenty.four hours later, the cells were transfected with 
siRNAs using the TraitslT-TKO* Transfection Reagent 

iMirus) and incubated overnight The cells were then 
trypsinired. counted.and plated into it- well plates (5—7 X 104i' 
well) for luciferaieassay, performed 24 h later (48 hafter trans- 
fection I Alternately, for imraunoblot analysis, the cells were 
plated in 6 well plates, transfected with siRNAs. and lysedafter 

48 h after transfection For docetaxel treatnient. the celts were 
seeded into a 96-well plate (1-2 X 10* cell/well. 100-itI total 
volume) and allowed to adhere for 12 h. They were then trans- 
fected with siRNAs using rAiitsIT-TKO* transfection reagent 
IMirus)   Twenty-four hours later, docetaxel (100 nMI was 

* >ACTIN 

1.00   2.37   2.89   4.87   8.32 

B *1 *2 «3 #4        Tumor 

PIM1 

PRDX5 

GAPOH 

OMSO OOC««x«l 
FIGURE 1 PIMI expression Is Inducad by docetaiel In DU14S cells •». :«u: 
wan treated wth docetaxel 1100 rwi for the Indicated ttne and then ana- 
»«* a tv immunobtot analysis for PIMI and #ACT1N proteins. ciT.-. ratio or 
PM I i X-ZTIN from densrtometry ana^sls, oormaltad to that of untreated 
cals.e. immunobtt analysis of PIMI. PRDCS, and GAPCfl proteins in lysates 
of OUI45 turner ttssue. Turners I and 3 were from mfce treatedwth 0.1 ml or 
OMSO intraperttonealy. Tumois 2 and 4 ware from mice traatad with 
docetaxH lsrri; v.ano.l mlof CMSOInuapenlonealy.The»£C>»rpa'>awas 
probed sequentlaly with ar.it-:ou: to the :3-iOi PIMI proteh and the 
i"-»: C'i PRDXS protein. The bbt was then n nppad and probed with ant body 
to the GAFOM protein. C, real tine PCR analysis of human PM1 mtm r. 
DU145 tunor tissue. Equal amount: of RNA from tunois I and Swerambced 
as a CMSC-treated pool, as were tumors 2 and 4 idocetaxeUreatod pooli. 
rolbwed by reveres transaction and ampimcatlon Each our t the mean a 
SD.ofsk pookad measurements from two independent experiments. •*, p •: 
0.U i that the increased PM I rr«u. toiowro docetaxel treatment was the 
result of cnance. calculated by paired rtest. 

added to thecclk.and incubauoncontinued for48h TheMTT 
—ay was then perfor nted 

Alternately (PIMI siRNA studies), specific and control 
siRNA sequences were cloned into pSILENCER (Ambttn) plas- 
mid and used for transfection. The PIMI-targeting sequence 
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was 5-AACATOCTTATCGACCTCAATCGCG3'. and the 
control sequence «v 5'-GCCTACOGTCAGGCTATCGCGT- 

ATC-3' Plasmids were transiendy transfected into RWPE- 2 cells 
with a N IK leofector device I Amaxal and inc ubated tor 24 h Then 
cells were trypanized and replated with a density of 5 X ll/celk'' 
well in 6 well pbtes for immunoblot assay and 2 X 10 cells'well 
into a •*> well plate lor cell viability anah-si* The next day. 48 h 
after transaction. I'M nM docetaxel was applied, and then the cells 
were incubated for an additional 6 h. fysed. and used for an imu 
noblotting assay to detect PIM1 knockdown Alternatively, (or the 
ceil survival assay, lOOnM docetaxel was added for 24.48. or 72 h. 
The cell viability was measured with an MTT assay 

Prostate Cancer Xencgrajtt—Studies were carried out under 
an Institutional Animal Care and Use Committee approved 
protocol Male NCR nunu mice were implanted subcutane 
ously with 10* DU145 cells, and tumors were allowed to form. 
Tumor-bearing mice In = 4) were treated with docetaxel (15 
mg kg) or an equal volume of E'MSO Twenty fours later, the 
mice were sacrificed, and the tumors were excised and pro- 
cessed for histology and for RNA and protein extraction Part of" 
the tumor was placed immediately into RNALatcr solution 
lAmbion) and stored at -20'C until RNA extraction with 
Trizol reagent. Another tumor fragment was minced and 
ground in cold 1% SDS'Tns. pH 75. with protease inhibitors 
The proteins were then precipitated with 4 volumes of cold 
acetone. The pellet was then redissolved in the \% SDS buffer, 
and protein concentration was measured. Thirty mKrograms 
was used per gel lane for immunobbt analysis 

RESULTS 

Docetatel Increase* Expression cf'PlMl tnRSA and Protein in 
Prostate Epithelial Cell Lines—To investigate the effect of 
docetaxel on the expression of the PIM1 kinase. we treated 
R WPE 2 prostate epithelial eel k with pharmacological concen- 
trations of docetaxel that approximate those observed in 
plasma within 24 h after drug administration. Etocetaxel 
induced expression of the kinase protein by 5 h. wi th maximu m 

expression between band 12 h. and 
then a decline to nearly base-line 
levels thereafter (F ig LA) Quantita- 
tive analysis of the densitometry 
data showed that PI.M1 expression 
increased up to 625-fold during this 
interval The increase was statisti- 
cally significant at 3.6. and "? h and 
less significant at later time points 
S4 milar results were seen wi th ej ther 
10 nM (data not shown) or 100 nM 
docetaxel concentrations 

To explore whether docetaxel 
mediated induction of PtMl 
expression was transcriptunallv 
regulated, real time reverse tran- 
scription-PCP. analysis was used 
I Fig 151 Etocetaxel induced up- reg- 
ulation of the PIM1 transcript level 
by 2-4 foldinRWPE 2cellstreated 
with either 10 or 100 nM drug. 

RWPE cells are immortalized and transformed from normal 
prostate epithelium To determine if ether human prostate 
cancer cells showed docetaxel-induced up- regulation of PIM 1. 
we studied DU145cells in culture and as xenografts in immii 
nodeficient mice (Fig. 21 DU145 cells also showed time-de- 
pendent up regulation of PIM1 protein in response to 
docetaxel treatment (Fig 2.41 Onset of the response was similar 
to that seen in RWPE cells However, elevated levels of PIM1 
protein persisted and indeed increased at least to 24 h after drug 
addition Mice with E'L'145 xenografts were also treated with 
docetaxel or vehicle (DMSO) by intiapcn toned in lection (Fig. 
..'•' Tumors harvested -" I. liter drug ad ministration showeda 
marked increase in PIM1 protein, compared with loading con- 
trol proteins GAPE'H and PRE'XS In addition, real time PCR 
analysis of tunior RNA showed a significant increase in hu nun 
PIM1 raRNA in the tissue from drug-treated mice (Fig 20 

Previous studies suggest that the PIM1 protein Increasesdur- 
ing theGji'M phase of the cell cycle(31)i Since docetaxel treat- 
ment has been reported to cause '3;.'M arrest, it was possible 
that theincrease in PIM1 protein that accompanies drug treat- 
ment might merely reflect a change in cell cycle distribution. 
We used DNA histogram analysis to identify changes in cell 
cycle distributions in RWPE- 2 cells after docetaxel treatment 
(F ig aA I There was no overall inc lease in the o21M cell popu- 
lation after 24 h of low dose (10 nM) docetaxel treatment, com- 
pared with vehicle-treated ceJk {p = 0.31 for no difference. 
based on six independent expenmentsl A large increase in 
G j'M cells was observed after treatmen t of RVPPE- 2 cells with a 
higher concentration (10) nM) of docetaxel for 24 h Variable 
G}i'M arrest was confirmed by immunoblotting to detect 
expression of cyclin Bl (a Gji'M phase marker) There was r» 
change in cyclin Bl expression within 24 h after lOnMdocetaxel 
treatment, but a time dependent increase of cyclin Bl protein 
was apparent after I'M nM docetaxel exposure (Fig iB. right). 
Dunng both treatments, however. P1M1 expression increased 
between 3 and 12 h of exposure, independent of the extent of 
Gy'M arrest and cyclin Bl expression 
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i1".'-'. i coretructj wars treated wim docetaxelfor up to 7: r\ and men eel 
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values lot untreated cals. Each value represent: ma mean = ID. otnlna 
measurements pooled from ifiraa independent axc«rimerrts.D values were 
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Endogenout and Enhanced Expression ofPlMJ Protects Pros- 
tate Epithelial Letts from Docetaxel induced Cell Death and 
.-». !>?•••--.— To determine whether PIM1 can protect prostate 
cells from docetaxel triggered ceJIdeath. we infected RWPE-2 

and DU14.5 cells with retroviruses encoding a PLM1 cDNA 
(pLNCX'TIMl)or an empty retrovirus (pLNCX) Pools of sta- 
bfy transduced cells were selected, treated with docetaxel for up 
to 72 h. and then analyzed by MTT assay to measure metobol 
icaHy active cells Enforced expression of wild -type PIMl kinase 

was able to consistently improve survival of RWPE-2 and 
DU145celk. as reflected by the MTTassay.at time points up to 
72 h after the start of docetaxel exposure (Pig 4) 

To determine if ambient levels of PIMl can protect prostate 
cells from docetaxel toxic ity. we transiently introduced pins- 

encoding control and PIMl-specific siRNA sequences 
rget ecus. Control siRNA was unable to bbek the 

docetaxel-induced increase in PIMl expression In contrast 
PIMl siRNA substantially prevented the increase in kinase 

expression following drug exposure iFig S. A and O Down- 
regulation of endogenous PIMl kinase expression led to 
enhanced cell kill up to 72 h after drug a pphcation (Fig 5. B and 
D) The drug sensitixation was statistically significant at every 
time point To confirm the protective effect of endogenous 

PIMl kinase. we also introduced a dominant negative enxyme 
(PIM1NT81I into RWPE-1 and RWPE-2 cells by retroviral 
transduction. This truncated protein was expressed well (sup- 
plemental Fig IS). As was seen with the knockdown experi- 
ments, the NT&l mutant kinase also sensitizedceJls tothecyto- 

toxic effect of docetaxel. These experiments clearly 
demonstrate that ambient levels of PLM1 are protective against 
docetaxel induced cell death 

Docetaxel has previously been shown to induce cell death in 
part by apoptosis (32—35) Therefore, we measured caspase 

ac ttvation by a fluorescent cos pase activity as say in drug treated 
cells asan index of docetaxel cytotoxicity The wild-type PIMl 
kinase decreased drug-induced caspase activation, consistent 
with its previously demonstrated survival activity (supplemen- 
tal Fig 2S| The dominant negative PIMl kinase markedly 

enhanced dru g induced caspase ac Ovation 
The docetaxel effect reflec ted by the MTT and caspase assays 

was not great, and its reversal by PIMl expression, although 
statistically significant, was still quantitatively modest These 
data reflect the fact thst docetaxel does not produce massive, 

immediate apoptotlc cell death To better measure the protec- 
tive effects of PIMl kinase on the prolifeiative potential of 
docetaxel-treated cancer cells, we used a regrowth assay (Fig 
6) RWPE 2PIM1 and RWPE-2.NTS 1 cells were treated with 
various concentrations of docetaxel for 24 h and then were 

trypsinized and plated in fresh medium (without drug) and 
allowed to grow for 6-7 days Cell growth was then quantified 
by staining with crystal violet dye Docetaxel produced dose- 
dependent inhibition of growth in both cell lines However, 
growth inhibition was up to 8-fold greater in the RWPE-2' 

NT81 cells. port»_ul.ii ly at drug concentrations of 5 nM or 
higher Thus, the presence of biologically active PIMl kinase 
markedly inhibited docetaxel-induced cell death 

The STA T3 Transcription Factor Mediates InditcttonofPtMl 

by Docetaxel—To identify mechanisms by which docetaxel 
could induce PLM1 expression, weexamined the activation sta- 
tus of STAT3andSTATStranscnptional factors, known medi- 
al.*. .1 I I Ml ti.iir- i i|«i. II ill--1 I.--I.IA.-I treatment •! 
FWPE 2 cells STAT5 was not consistently phosphorylated in 

RWPE 2 cells Idata not shown I The level of phospho STATo 
(Tyr"e'l was strongly and rapidly increased after 10 and I'M nM 
treatment of RWPE- 2 cells (Fig "A) (data not shown), whereas 
the total anvount of ST AT 3 protein was not changed. Docetaxel 
induced phosphory labon of STAT3 simultaneously with up 

regulation of PIMl expression These results suggested that 
docetaxel induced expression of PIMl may be dependent of 
activation of the STAT3 transcnptional factor 

To determine if docetaxel induces PIMl expression in a 
STAT3-dependent manner, we used double-stranded STAT3 

1ULY 25.2008'VO.UMl ?43'NUMBER 30 JOUNV Lv&aomi t-.Mf.wsniY 20639 

33 



Michael B. Lilly, MD 
W81XWH-04-1-0887 

PiMi Mediates Docetaxel Resistance 

i« 

CfitdmLUBHA PIM1 .iRNA 
Oin.«.tJ*»il 

PIMI 

-ACTIN H- 
I 

i 
c 

control nlRN A 
»IM1 «PNA 

n 

0 

Duration o4 Oocetaxel lOOnM <hr») 

0        • 
PM1 BIKNA 

0 • :><>-.• i i 

PIMI 

•ACTIS 

o a* *t 
Duration ot doccUiel 100nM |hrs| 

FIGURE 5 Knockdown of P1M1 oppression with sIRNAsansftttas prostata calls to docatnaUnducad call 
dulti. 4.F.'.NTEOcals»vritrv-eU:tc3wn-.|:ii:mi3:inco3riqc:nir:i;iVu:r MMl simAirdiraicad with 
ICO rwdocataoslfof 6r\ Exprasslon of PIMI and^ACTIN protsinswis miiyzad by lfrmunobbttrig.3,RWE-2 
allvUbUymaaairodwith in MTT isuyiftatdocecixaliraatmam fcr upto 72h>Casing but with OU US 
cslfc. 0,«: in 5 butwttti COM!cats lane t:< ix: to4i h.Eachvaluals tho maan = SJD.of nhc maawramams 
poclad Iron trite* ndepandent experiments. pvUua ware dacarmirtad by: casts fcr comparkons between 
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decoy oligonuc leotides (30) to selectively abrogate STAT3 
transcnpttonal activity RWPE-2 cell* were incubated with 
wild-type or mutant sequence STAT3 decoy* for 48 h PIMI 
expressionwa*then anjlrirj by immum.b|.otting(supplemcn 
tal Fig. 3S) STAT3 decoy*, but not mutant decoy*, decreased 
PLM1 expression, as well as expression of the known STAT3 
target gene BCL*i. These results demonstrate that ST AT? 
transc npt»:>nal activity controlled basal PIMi gene expression 
in lifU prostate cell* STAT3 decoy treatment was not 
associated with decreased levels of either STAT3 protein or 
tyrosinephosphorylated STAT3. 

To further define the role of STATo transc npttonal activity 
in docetaxel dependent PIMI expression, we treated RWPE-2 
cell* with STAT3 or mutant decoy oligonucleotide* for 18 h 
Docetaxel was then added for an add it tonal 6 h. As shown (Fig 
7S). the STAT3 decoy did not prevent docetaxel induced phos- 
phorylaticn of STAT3 bu t did mhih t the effec t of the d rug on 
PLM1 Incontrast. the mutant oligonucleotide* had noeffec ton 
PIMI expression These results identify STAT3asan upstream 
mediator through which docetaxel induces expression of the 
PIMI kinase 

Docetaxel Activates XFKB Tran- 
scripttona! Activity in a PiMi- 
Jepenaent Manner—Inhibition of 
the NFicB transcnptional complex 
sensitize* prostate cancer cell* to 
I-' 11r.i I lanother taxane) and 
enhances drug induced apoptosis 
1361 We hypothesized that the pro- 
tec live role of PIMI in docetaxel in 
duced apoptosis could be mediated 
through activation of NFKB tran- 
scnptional activity as well We mi 
tially investigated the effect of PIMI 
expression on NF KB transcnptional 
activity RWPE-2 cell* stably 
expressing an NFicB-dependent 
luciferase expression plasmid were 
infected with retrovir uses encoding 
PIMI or empty retrovirus only 
Enhanced expression of PIMI con- 
sistently increased NFKB transcnp- 
tional activity about 2-fold (supple 
mental Fig 4S) 

We then treated the NFicB 
reporter cell line with docetaxel. 
•ell-- were incubated for 6 h with 
docetaxel and then were assayed 
for luciferase activity Docetaxel 
increased NFKB directed luciferase 
expression in a concentration - 
dependent manner I Fig Ml Co-ex- 
pression of a dominant negative 
PIMI protein substantially blocked 
drug induced activation of NFKB 

transcnptional activity at each 
docetaxel concentration 

The Protective Efject of PIMI 
Expression frctn Docetaxei-inJuceJ Death DtpenJi in Part on 
MfltJ Activation—Todetemune if PIMI enhance* survival of 
docetaxel.treated cell* through NFKB activation, we used 
*|RNA to inhibit expression of the RELA (p65| and NFKB1 
(pl05. pSOi proteins, the two components of the raaior NFKB 

complex Fig 85showed that basal and PIMI dependent acti- 
vation of NFKB was decreased by p65>'RELA and pSO'NFKBl 
siRN As Immunoblotting confirmed the knockdown of the cor- 
responding p65'T<ELAand poo'NFKB 1 proteins Isuppleniental 
rvj -., 

A survival analysis, based on the MTT assay, was then per- 
formed on docetaxel-treated celts (Fig. 8. C and D) With all 
siRNA treatments. RWPE-2'PIMl cell* showed improved sur 
vr.al compared with that of cell* infected with pLNOC virus 
alone (Fig 8(7) The poSRELA and pSO'NFKBl siRNAs 
reduced survival of both cell lines The pSO'NFKBl siRNA did 
not significantly impait the iimval of docetaxel-treated 
RWPE-2.'pLNCX cells, whereas it did have a significant effect 
on RWPE-2 PIMI cell* In contrast poS 'RELA siRNAs stgnif 
K an try enhanced docetaxelcetlkill in both cell lines These data 
suggested that cells with high expression of PIMI (RWPE 2' 
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Docetaxel (nM) 
FIGURE 6. PIM1 Mruse protects RWE-2 prostate cellswIrn prollrorjtlvo 
potan nil (torndocetaxelcytotoxldti fr/YFE-lPMl iwtfcUypc PW1. 2nd 
Fr»VFt--WTII celt J:<nlnamn«-3jm*F1MI: warttrtitedwknd:<etaxaltor 
:J h, Adoftlonil cjf ur«::' in* sime •:tii: were trailedslmtlarty tut without 
doceuxelCelb were in ant rypsiri :*3, dllned, reputed r-.frish medium, and 
Hfcwed to grow fee 6-7 days. CUruras war* fl"«r, Oeed wttti formalin ind 
stained win crystal violet to measure call growth. Compiftons of the 
reqrowth of muted culture: were mjde w*h strtlir, untreited eels, but 
comparisons wire always made between welt: win A,., values on the Inear 
patof)C4ldarutty%ind)idcuve.EdchpointrapreMimtheITM^I - SD.OI 
v-M measurements pooled from two Independent axpertrienK. Untreated 
cell cutturas were isdgnedi re)arh»eregrowthvaljoof IJOL 

PLM1) might be more sensitive- to the effec ts of NFKB SIRNAS 

than werecells with bw levels of P1M1 lRWPE-2pLN<:X) We 
then ccandJvicJ the data by normalizing the survival of p65>' 
RELA and pSONFKBl siRNA treated cells to that of cells 
treated with docetaxel and control siRNA (Fig. 8£>) The p65>' 
RELA and p:'3-NFKBl siRNAs enhanced docetaxel-induced 
cell kill of RWPE 2PIM1 cells to a greater extent than they 
enhanced kill of RWPE-2pLNCX (vector only) cells This 
enhancement was of borderline significance for p50VNFKBl 
siRNA <j> = a057| but was highly significant for p65RELA 
aRNA These results demonstrate that thepeo-RELA and p50-' 
NFKB1 proteins mediate resistance to docetaxel cell kill Their 
effects are more pronounced in prostate cells with higher PI Ml 
levels that in similar cells with lower amounts of PIM1 These 
data deninnstrate that the ability of P1.M1 to decrease 
docetaxel-induced ceil kill depends in part on the p65'RELA. 
and possibly the p50-'NFKBl. protein 

DISCUSSION 

The present study assessed the up- regulation of PI Ml 
expression following docetaxel treatment of prostate epithel ul 
cells The drug effec t was seen in both engineered and sponta- 
neously transformed prostate cancer cells Furthermore, the 
effect was documented in both cultured celts and tumor 
xenografts. suggesting that it is a physiobgicalry significant 
response. Apoptosi* is involved in the antitumor effects of 
docetaxel. both in cultured cells and in clinical settings (34. J5, 
37). Our results demonstrated that PLM1 inhibited docetaxel 
induced apoptosis Recent work hasindicated that other modes 
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RGURE 7. PIM1 eipresslon following docetaxel treatment Is dependent 
en ST A T3 4, rnmunobbt::f F.'.VPE-: eels treated with I 00 n* docetaxel for 
tr» Indicated time. B, fttlK-2 celt waretransfectadwth STATimutint con- 
trol olgorudaotldas or STAT3 decoy olgonucleotldts and incubated for 
lei h. Cels ware man treated wltfi 100 nm docetaxel for 6 h, lysed, and ana- 
fyzad by rnmur.:c.ioning for MM), photprvo-STATj, ind tot alSTAT3. 

of cell death may also contribute significantly to the overall 
therapeutic response to docetaxel (331 Whether PIM1 modu- 
lates these other for ms of docetaxel - induced cell death reciu ires 
further investigation. 

• ellular strcssors are known to activate survival pathways 
Among these stresoors are a wide variety oi antineoplastic 
agents, such ascytotoxic drugs line hiding taxanes (6.7.10. 39)). 
tyrosine- and serine-threorune kinase inhibitor. (4. 5).and trit- 
erpenes. such as betulinic acid (38) These agents arecapable of 
transiently actrvabng kinases and other survival mediators, 
such as AKT. ERK1. and NFkB transcriptional activity It 
appears that drug-induced ac Ovation of sur. rval signaling path 
ways can impair the cytotoxic effects of chemotherapy drugs 
both in iv»v> and m vitro (?. 401. and inhibition of activated 
kinases can potenbate cytotoxic drug cell kill 140-44) 

•Air data document the existence of a STAT3 —» PIM1 —• 
NFK'B survival pathway that is activated by docetaxel a nd medi- 
ates a form of docetaxel resistance. The linear relationships 
among the pathway components were established by temporal 
correlations as well as by blocking experiments using siRNAs. 
dominant negative proteins, and oligonucleotide decoys 
Resistance to docetaxel has previously been ascribed to tubulin 
mutations 1451 as well as to MDR dependent effects (46. 47) 
and to limited tissue penetration (481 Fewer data exist to impli- 
cate transient or acquired resistance mediated through survival 
pathways A previous report has shown that stable overexpres- 
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nonofSTATl if accociated with docetaxel resistance in pros- 
tate cancer cell line* |4'>I In addition, grnetic inhibition ot 
EOFR expression has been shown to sensitize head and neck 
cancer cells to docetaxel (501 The involvement of PIM kinases 

in induced resistance to cytotoxjc drugs has not been docu- 
mented thus far However, activation of AK T has of ten been 
described (6. 51) The PlMkinasesand AKT kinases have been 
described as mediating separate but parallel survrval pathways 
(52)  At times they' also phosphorylate the same substrates 

Thus, the involvement of PIM 
kanases in induced resistance to 
cytotDXK drug? may be anticipated 
in cells where the kinase is 

expressed. 
DUMB cells showed a more pro- 

longred PIMI response folbwing 
docetaxej treatment than did 
RWPE-2 cells This may reflect the 

greater degree of transformation in 
the DU145 celk which are hyper- 
dipbid and form tunvnrs readily 
Such cells might have constitutive 
.. ii' .I».I, of multiple signaling 

pathways For this reason, we per- 
formed mechanistic studies in the 
weakly transformed, nearly dipbid 
RWPE-2 cells, which nvsy offer a 
simpler cancer model 

The mechanism through which 
docetaxej activates the STAT3 —• 
PIMI —» NFicB pathway is unknown 
at present Docetaxel induces an 
increase in reac live oxygen spec ies 

(ROS). as do many cytotoxic 
(53). This form of oxidizing i 
inhibits phosphstase ac bv ity. lead- 
ing to an increase in tyrosine phos- 
photylation of multiple proteins 

(54-56) Transactivation of recep- 
tor-type tyrosine kinases (such as 
the EGFR) has been shown in celk 
stressed by ROS and by cytotoxic 
agents, includi ng paclitaxel (57-59). 

Docetaxel can transactivate the 
h ISFR. and EGFR inhibitors can act 
synrrgisticalry with taxanes to 
enhance cancer cell kill (43. 51). 

However, we continue to see 
expression ofpSTATS or PIMI pro- 
teins following docetaxel treatment 
of RWPE-2 cells pretreated with an 
EGFR inhibitor (data not shown I 

ROS have previously been shown to 
activate |AK kinase signaling in 
some cell lines, possibly prc>»dbng a 
mechanism Ice ST AT activation as 
well (60. 61) ROS can also aebvate 

ST AT proteins without |AK kjnase 
activation 162) Regardless of the most proximal mediators, 
activated STAT3isa known mediator of ROS- induced survival 
signals Furthermore. STAT transcription factors are known 
upstream mediators of PIMI transc npbon. at least i n hemato- 

poietic cells (63- 65). Our data demonstrate that STAT5 regu- 
lates PIMI expression in prostate cells as well The decoy stud- 
ies establish a linear relationship between STAT3 and PIMI as 
downstream mediators of docetaxel survival signals. Since 
prostate cancer cells frequently express activated STAT3 and 

tip St) 
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PLMl.  this   relationship  may occur constitu livery  at  w-^ll 
(66-68) 

Our identification of a drug induced signaling pa thwa>-lead- 
ing to NFKB activation is consistent with the known effects of 
docetaxel (69-71) Although many prostate cancer cell lines 
show constitutive activation of NFKB transc ripttonal com- 
plexes, docetaxel can further increase NFKB transcripbonal 
activity (TO) Our studies indicate thai in RWPE-2 cells, 
docetaxel activates NFKB ma PIMl-dependent nunner Previ- 
ous reports have shown that the related P1M2 kinasecan acti- 
vate NFKB ac ttvity (721, al though alternative opinions about the 
PLMl kinase have been presented (73) PIM2 activates NFKB 

activity through phosphorylaOon and activation of the COT/ 
TPL2 kinase. a kinase with known IKB kinase-like activity |72l 
Clarification as to whether the P1M1 kinase acts through this 
mechanism or through another pathway will require further 
studies. 

A decrease in NFKB expression or activity would be pre 
di. ted to increase docetaxel induced cell death in both RWPE- 
2,'pLNCX and RWPE- 2TI.MI cell lines I Jo), and this was in fact 
seen (Fig, 8.flandC) However, cells with higher expression of 
the PLMl kinase were more sensitive to the bloc kage of NFKB 

tun. ton (Fig 8D) Compared with their effects in RWPE 2> 
pLNCX cells. p65''RELA siRNAs were significantly more effec- 
trve a t p.v ten bati ng docetaxel - induced death in RWPE- 2 'PIM1 
cells PSOcNFKBl siRNAs were also more active against cells 
with high Ir.ek of PIM1. but the effect was of rxirderlinesignif 
ican-e These data suggest that the prosurvrval effect of PIM1 
kinase in docetaxel - treated cells probably involves members of 
the NFKB transcriptional complex, particub rfy p65' RELA The 
observation that inhibition of NFKB only parbalfy enhances 
docetaxel-induced cell death in PIM1 expressing cells is con 

i i HI with the ability of the kinase to protect cells through 
other mec nanisms as well as the inccmplete knockdown of the 
torcrt pi. <rin m RWPE-2 cells Nevertheless, the result dem- 
onstrates that PIM1. like PIM2 1721. can mediate NFKB actrva 
tion and that PLMl also requires NFKB transcriptional activity 
for the development of the full drug resistance phenotype 

The survival response induced by low concentrations of 
docetaxel v reminiscent of the concept of hormesis A contro- 
versial body of literature documents that stressors (including 
radiation, gases, toxins, exercise, and others) can produce 
bif basic dose- response c urves in various assay systems |74.751 
At low doses, a protective (horroetk) response is generated, 
whereas at high doses, toxicity is the result Hormesis has been 
invoked to explain the beneficial effects of calorie restriction, 
exercise, and various phytoe hemicals in disease prevention. In 
many cancer eel Is lines, cytotoxic agents also generate a classic 
hirhasic bormetic dose-response curve (76-78) Fig. 6 demon- 
strates the same phenomenon in our experimental system 
There is a 24% increase in regrowth survival of RWPE 2 PIM1 
cells treated with low concentration* (05—1.0 nMI of docetaxel. 
compared with the survival of untreated RWPE-2'PIMl cells 
(/>< 0.001) In contrast, survival of RWPE 2NT61 cells treated 
similarly is worse than that of RWPE 2PLM1 cells, and there is 
no enhancement of survival at low drug concentrations. Our 
data strongly suggest that the PIM1 kinase participates in cyto- 
toxic   drug induced   hormesis   PLMl   is  also   increased   in 

response to a wide variety of cellular stressors growth factors, 
oncogencs. heat, radiation, toxins, oxidative stress, and 
hypoxia Thus, one may postulate that PLMl is a general medi- 
ator of hormesis. protective stress responses induced by low 
level environmental stresses Recently, small molecule inhibi 
tors of the PLM kinases have been described m vitro and in 
cell-based systems (79-81) Targeting the PLMl kinase may be 
a beneficial addition to a traditional dc<etaxel-based chemo- 
therapy regimen However, it will be important to determine if 
the same maneuver will increase normal tissue toxicity as well 
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Althea Diagnostics (2008-present) 

GRANTS & CONTRACTS (PRINCIPAL INVESTIGATOR) Note: This listing does not 
include multicenter clinical trials in which Dr. Lilly was the local principal investigator. 

National Institutes of Health F32CA27980 Hyperthermia of animal and human tumors; 
7/80-6/82 

National Institutes of Health R01CA18138-11 Prediction of thermal tolerance by in vivo 
NMR spectroscopy; 7/82-6/83 

National Institutes of Health R01CA36790 Assessment of hyperthermia by in vivo 31P- 
NMR spectroscopy; 9/84-9/87 

Cetus Corporation Characterization of a human granulocyte CSF; 7/85-6/86 

National Institutes of Health R01CA45672 Cytokine signaling in myeloid leukemia; 
9/87-10/98 

VA Merit Review Award Non-protein hematopoietic agents; 10/90-4/97 

March of Dimes Birth Defects Foundation Characterization of a 28kd protein related to 
G-CSF; 7/93-6/96 

Lymphoma Research Foundation of America Mechanism of action of the pim-1 
oncogene; 7/95-7/96 

Roche Pharmaceuticals Preclinical study ofRoferon and bryostatin 1 in a melanoma 
model; 1/98-12/99 

Department of Defense, National Medical Technology Testbed #76-FY99: Cell- 
permeable proteins for cell regulation. 12/99 - 7/02 

Leukemia Society of American Translational Award Propionic Acid Analogues forCLL. 
9/1/01 -8/31/05 

Celgene Corporation, Phase l-ll trial of combined GM-CSF (sargramostim) and 
thalidomide for hormone-refractory prostate cancer (5/02-5/04). 

National Institutes of Health R03CA107820 Molecular Targets of NSAIDs in Prostate 
Cancer; (5/1/04-4/30/08) 

Department of Defense, CDMRP Prostate Cancer Program PC040635   Pim-1: A 
Molecular Target to Modulate Cellular Resistance to Therapy in Prostate Cancer (10/04 
-10/09) 
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Bristol-Myers Squibb, Phase II Study ofDasatinib in Hormone-refractory Prostate 
Cancer (7/07 - present) 

GRANTS and CONTRACTS (Co-investigator) 

National Institutes of Health R01CA097043 Molecular pathology of 2-deoxy-5- 
azacytidine; L. Sowers, PI; Michael Lilly, co-investigator (10% FTE). 7/1/03 - 6/30/08 

National Institutes of Health R43CA119833 SIMPKIN: a facile mthod for identification 
of unknown kinase substrates. Q. Hamid, PI; Michael Lilly, co-investigator (5% FTE) 
10/1/06-2/28/07. 
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AcadSciUSA 80:334-338,1983. 
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44:663-638, 1984. 

6. Hiramoto R, Ghanta V, Lilly M: Reduction in tumor burden in murine osteosarcoma 
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7. Brezovich I, Atkinson W, Lilly M: Local hyperthermia with interstitial techniques. 
Cancer Res 44:46752s-4756s, 1984. 
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ferromagnetic implants. Radiology 154:243-244, 1985. 
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9. Lilly M, Katholi C, Ng T: Direct relationship between high-energy phosphate content 
and blood flow in thermally treated tumors. JNCI 75:885-889, 1985. 

10. Lilly M, Omura G: Clinical pharmacology of oral intermediate dose methotrexate 
with or without probenecid. Cancer Chemo Pharm 15:220-222, 1985. 
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capacity. Blood 70:372-378, 1987. 
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expression of a cDNA encoding a human granulcyte colony-stimulating factor. J 
Leukocyte Biol 41:302-306, 1987. 
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factor by a human melanoma line. Exp Hematol 15:966-971, 1987. 
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Differential staining of neutrophils and monocytes: surface and cytoplasmic iron-binding 
proteins. Histochem J 210:147-155,1988. 

16. Csepreghy M, Yielding A, Lilly M, Scott C, Prchal J: Characterization of a new 
G6PD variant: G6PD Central City. Am J Hematol 28:61 -62, 1988. 

17. Lilly M, Kraft A: Leukemia-differentiating activity expressed by the human 
melanoma cell line LD1. Leukemia Res 12:213-218, 1988 
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variants in normal XY man: G6PD Alabama. Am J Med 84:517-523, 1988. 

19. Bailey A, Lilly M, Bertoli L, Ball E: An antibody which inhibits in vitro bone marrow 
proliferation in a patient with system lupus erythematosus and aplastic anemia. Arthritis 
and Rheumatism 32:901-905, 1989. 

20. Kraft A, Williams F, Pettit R, Lilly M: Variable response of human myeloid 
leukemia lines and fresh cells to differentiating activity of bryostatin 1. Cancer Res 
49:1287-1293, 1989. 

21. Everson M, Brown C, Lilly M: IL6 and GM-CSF are candidate growth factors for 
chronic myelomonocytic leukemia cells. Blood 74:1472-1476, 1989. 
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22. Nemunaitis J, Andrews F, Mochizuki D, Lilly M, Singer J: Human marrow stromal 
cells: response to IL6 and control of IL6 expression. Blood 74:1693-1699, 1989. 
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M: Hyperthermia of pet animal tumors with self-regulating ferromagnetic thermoseeds. 
Intl J Hyperthermia 6:117-130, 1990. 
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modulation of chronic myelogenous leukemia cells by bryostatin 1. Cancer Res 
50:5520-5525, 1990. 
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extracelular matrix RNAs in SV40-transformed human marrow stromal cells. Exp 
Hematol 20:391-400, 1992. 
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related. Oncogene 7:727-732, 1992. 
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M: Effect of granulocyte macrophage colony-stimulating factor (GM-CSF) and 
interleukin 3(IL3) on interleukin 8 (IL8) production in neutrophils and monocytes. Blood 
81:357-364, 1993. 

29. Polostkya A, Zhao C, Lilly M, Kraft A: A critical role for the intracellular domain of 
the alpha chain of the GM-CSF receptor in cell cycle transition. Cell Growth & Diff 
4:5250531, 1993 
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growth regulation. J Biol Chem 269:14607-14613, 1994 
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1994 

32. Sensebe L, Li J, Lilly M, Crittenden C, Herve P, Charbord P, Singer J: Non- 
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requirements, characterization ,and myelopoieisis-supportive ability. Exp Hematol 
23:507-513, 1995 
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33. Asiedu C, Biggs J, Lilly M, Kraft A: Inhibition of leukemic cell growth by the protein 
kinase C activator Bryostatin 1 correlates with the dephosphorylation of cyclin- 
dependent kinase 2. Cancer Res 55:3716-3720, 1995 
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